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1.0 SUMMARY

The acoustic and aerodynamic characteristics of several exhaust systems suitable for duct
burning turbofan (DBTF) engines were established in this program. Scale models represent-
ing unsuppressed and suppressed coannular exhaust systems were evaluated statically under
varying exhaust conditions. Ejectors with both hardwall and acoustically treated inserts
were also evaluated in the program. : :

The unsuppressed coannular configurations were found to be as much as 11 PNdB quieter
than current predictions when scaled to 1.27m (50 in.) equivalent diameter size. At condi-
tions typical of engines being considered under the Advanced Supersonic Technology (AST)
program, reductions of approximately 8 PNdB were observed. The reductions for a specific
engine are a function of the exact combination of stream temperatures and velocities. The
noise power levels and perceived noise levels, scaled to full size, were found to collapse to
single lines when correlated with fan stream velocity and temperature, fan to primary velocity
ratio (V¢/Vy) area ratio (Ag/Ay). Spectral characteristics and velocity profile measurements
in the jet pI?xme indjcate that 816 noise suppression (when Vf/Vp >1) is due to more rapid
mixing of the coannular jet compared to standard circular jets.

The mechanically suppressed configurations produced as much as 18 PNdB reduction below
current predictions for an unsuppressed nozzle (4 PNdB of this is due to a treated ejector).

At typical AST engine conditions, reductions of approximately 15 PNdB were observed.
Relative to the unsuppressed configurations, the suppressed nozzles provided noise reductions
over a wider range of conditions.

Additional correlations of the data from both suppressed and unsuppressed configurations
showed that the noise was a function of exhaust system geometry and also that it was related
to the maximum velocities existing in the jet plume downstream of the nozzle exit.

The measured force data indicated that the basic suppressor configurations yielding the most
noise suppression had the highest thrust losses. The impact of adding an ejector washighly
dependent on the suppressor design since the match between the suppressor and ejector is
critical. Similarly, the impact of adding acoustical treatment in the ejector was also very de-
pendent on the size of the suppressor.

The overall impact of these results on recent AST studies has been significant in terms of
engine sizing and vehicle characteristics.

The suppressed configurations consisted of multi-element suppressor units applied to the fan
stream only, since the DBTF fan stream is the dominant noise source. Three concepts were
evaluated; a multi-tube unit having 44 tubes, an 18 lobe convoluted design and a finger type
employing 32 segments. The total jet area of the models was equivalent to a 0.127 m (5 in.)
diameter convergent nozzle, or approximately one-tenth of the full scale size being studied
under AST programs. The area ratio between the fan and primary stream was varied from
0.75 to 1.2 in some configurations, with the total area maintained constant.

A total of 417 test conditions were evaluated. The fan stream pressure ratio was varied from
1.3 to 4.1 and the primary stream pressure ratio from 1.53 to 2.5. The temperature in both
streams was varied independently from 395°K to 1090°K. The resultant data is presented
in the Comprehensive Data Report, CR 134910.



2.0 INTRODUCTION

2.1 BACKGROUND

Prior to this program, extensive propulsion system studies, conducted as part of the NASA
sponsored Advanced Supersonic Technology (AST) effort, identified the duct burning tur-
bofan (DBTF) as a promising cycle in terms of both system economics and low noise genera-
tion. The DBTF engine cycle can be matched to provide a high velocity duct (fan) stream
surrounding a low velocity core (primary) stream. This type of cycle requires that only the
fan stream be suppressed to provide reduction in jet noise. However, very little experimen-
tal substantiation existed for this type of exhaust system.

The noise characteristics of conventional coannular exhaust systems, whereby the fan ex-
haust is of lower velocity than the primary stream exhaust, have been extensively investi-
gated during the past few years. The work of Williams (Ref. 1) first pointed out that the
noise of a coannular jet was related to fan to primary stream velocity ratio and showed that
the noise of a coannular jet was less than the noise of the primary jet under isolated condi-
tions for a large range of fan to primary velocity ratios less than one. The basic results of
Williams were extended by Eldred (Ref. 2) to include coannular jets having a heated stream
and included the effects of fan to primary stream exhaust area ratio. Analytical models dev-

eloped in References 1 and 2 showed that the gross results of the coannular jet could be re-

lated to the aerodynamic characteristics of the jet exhaust plume. For example, high fre-
quencies were shown to be reduced due to the relative velocity effect of the fan exhaust sur-
rounding the primary stream, and low frequency characteristics were ascribed to the presence
of a merged jet resulting from the mixing of the fan and primary jets downstream of the noz-
zle. The experimental investigations of Olsen (Ref. 3) and Bielak (Ref. 4) confirmed the re-
sults of Williams and Eldred, and the SAE Subcommittee on Jet Noise has developed a co-
annular jet noise prediction procedure drawing upon some of the results from References

1 - 4, and additional coannular jet noise data produced during recent experimental testing.
Predictions from the SAE procedure have shown very reasonable agreement with model and
full-scale engine noise data, but is limited to subsonic flow conditions where the fan exit
velocity is less than the primary velocity. The recently published prediction procedure of
Stone (Ref. 5) includes the effects of supersonic jets, but is limited to Vf/V ratios less than
1.0. The work of Dosanjh (Ref. 6) focused on the noise of coaxial and triaxial cold super-
sonic jets. Results from his investigation have shown that the jet noise could be minimized
for certain combinations of pressure ratios between the coaxial and triaxial jets, including
cases where the inner stream velocity was less than the velocity of the outer stream. How-
ever, due to the cold jets, Dosanjh’s results relate to the shock noise component of jet noise,
and are not directly applicable to the noise of the hot jet exhausts existing on a duct burning
turbofan engine.

Thus, a large effort has been expended on investigations of coannular jet noise, but the re-
sults of these studies cannot be used to assess the noise generated by the hot coannular jet
exhaust of a DBTF engine having a fan to primary velocity ratio greater than one.



2.2 PROGRAM DESCRIPTION

The program described herein was conducted to establish the aero-acoustic performance
characteristics of unsuppressed and fan stream suppressed coannular nozzles over a large
range of operating conditions, in particular at conditions where the fan to primary stream
velocity ratio was greater than one.

During the design phase of the program, two basic coannular nozzles were designed to simu-
late nozzles that could exist on a full size DBTF engine. These nozzles were designed to
achieve fan to primary area ratios of 0.75 and 1.2 in order to investigate the aero-acoustic
effects of area ratio over a range considered practical for DBTF operation in a supersonic
transport.

Three multi-element nozzle suppressors were designed to produce various amounts of noise
suppression in the fan jet of the 0.75 area ratio nozzle. These configurations, in order of in-
creasing predicted suppression, were convoluted, finger and multi-tube. Hardwall and acous-
tically treated flight type ejector shrouds were designed to investigate the effects of an

ejector on the noise of the basic nozzle configurations. In addition, a convoluted suppres-

sor configuration, with and without ejectors, was designed at an area ratio of 1.2 to deter-
mine the effect of area ratio on a typical suppressor configuration. All nozzle models had the
same equivalent exit diameter (0.127m), which was one-tenth of the full size diameter (1.27m).
The studies leading to the design of all the configurations are documented in Reference 7.

All of the configurations were fabricated and tested statically at the Pratt & Whitney Aircraft
Outdoor Jet Noise Test Facility located in West Palm Beach, Florida. This test facility pro-
duces two independently controlled flows with properties typical of the primary and fan
flow streams of a DBTF. A total of 417 test points were run on 17 separate nozzle configu-
rations, including a single stream convergent nozzle used to provide reference noise levels.
‘The pressure ratio in the fan stream was varied from 1.3 to 4.1 and in the primary stream from
1.53 to 2.5. Total temperature was varied from 395°K to 1090°K in both streams. Far field
noise signals were measured at 9 angles, ranging from 60° to 165° relative to the upstream
jet axis. Pressure, temperature, weight flows, and thrust were measured for all test points.
Exit pressure and temperature profiles were measured for selected test points. Section 3.0
contains detailed descriptions of the test facility and models tested. All data obtained during
the testing is contained in the Comprehensive Data Report (Ref. 8), while the major results
of the program are contained in this report.



3.0 APPARATUS

The experim.ental apparatus used in this program is described herein. This includes the test
facility, along with supplementary hardware and instrumentation, as well as the model nozzle

configuration evaluated in the program.

3.1 TEST FACILITY

The facility used in this program (shown in Figure 3-1) is the P&WA Jet Noise Test Facility
located in West Palm Beach, Florida. The details of the test facility are shown schematically

in Figure 3-2.

Figure 3-1 Pratt & Whitney Aircraft (P& WA ) Outdoor Jet Noise Test Facility

The airflow to the test model is supplied by bleed flow from a JT3C “slave” engine and
passes through a 0.25m (10 in) diameter underground pipe surfacing near the test stand. The
flow enters the test rig at the pivot point, where teflon seals prevent leakage while allowing
the rig to pivot freely in the vertical plane. The flow is then divided into two 0.20m (8 in)
diameter pipes. The flow in each pipe is independently controlled by motor-operated wafer
valves in each line. Flow rates are measured independently in each pipe by flow-measuring
venturies which have been accurately calibrated at the Colorado Engineering Experimentation
Station, Inc. Temperatures are set by separate heater/burner systems in each line. The bur-
ners are JP-fueled, and are capable of temperatures up to 1922°K (3000°F). The fuel flow

4



into the system is established by calibrated digital fuel meters. Both flow lines are then
turned 90° through water cooled sections, and formed to provide coannular flows to the test
model. The flow then passes through a transition section into the instrumentation section
and test model. The assembly is suspended from two cables, on opposite sides of the vertical
centerline, which are in series with load cells and connected to the rigid supporting frame-
work. The load cell axes are coplanar with the vertical flow axis. An array of microphones

is positioned at a 4.57m (15 ft) radial distance from the nozzie exit, in the plane of the nozzle
centerline. ' '

NOZZLE
MODEL
F MICROPHONE TRANSITION DUCTING
ARRAY
15 FT LOAD CELLS
- FLOW VENTURIS
INSTRUMENTATION z'&?'—E
SECTION NER CANS pucT PIVOT
FLOW
SOUND
ABSORBENT
BLANKET
_ [/ Ji PRIMARY FLOW
TTII T I T I I I T T TTEDTI T 777 7 T 77

AL 77777
FLOW CONTROL
VALVES

Figure 3-2 Schematic of P&WA outdoor Jer Noise Test Facility

This facility allows free field jet noise measurements since the nozzle is situated 4.2m (14 ft)
above the ground in a vertical orientation and thus essentially eliminates spectral distortion
from ground reflections. The possibility of small amounts of signal enhancement at high
frequencies, at the more forward-angle microphones, was eliminated by the use of acoustic-
ally absorbing fiberglass matting 0.1m (4 in) thick, positioned on the ground underneath the
microphones. Figure 3-3 shows the model test rig assembly installed on an 0.71m (28-in)
diameter flange near the top of the test stand. The assembly was made long enough to insure
that no obstruction existed between the nozzle exit and the microphone array, whose lowest
point lies 30° below the plane of the nozzle exit.
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Figure 3-3  Details of Test Model Installation

The components of the test rig assembly are shown in detail in Figure 34 and described in
the following sections. All of the hardware was made from AMS 5512 material. The relative
position of the various components are indicated by station numbers which equal the distance
from the reference mounting flange (STA 0).
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3.1.1 Transition Ducting

The transition ducting mates the model test hardware to the existing rig and serves as a muf-
fler. It consists of a set of conical approach ducts. The duct walls are lined with acoustic
blankets made of “Cerafelt” to damp out any extraneous noise from within the basic test
stand. Cerafelt is a lightweight, refractory-fiber insulation notable for its excellent thermal
and chemical stability. Made predominately of alumina and silica, it combines lightness, heat
resistance, low conductivity, and high sound-absorption qualities. Available in various densi-
ties and thicknesses, the particular type selected in the muffler is 0.0127m (% in) thick and
has a density of 64.07 kg/m3 4 lbs./ft3). These values were chosen to provide sound atten-
uation over a wide frequency range for the operating conditions encountered durfng the tests.
The attenuation (or transmission loss) through the muffler was on the order of 20 dB. The
sound treatment material is contained by a perforated facing sheet having 30 percent porosity,
with 0.0014m (0.056 inch) diameter holes, which does not interfere with the sound absorb-
ing capabilities of the absorber material. Thermal expansion of the facing sheet is allowed for
by the provision of sliding joints at the upstream end of each sheet.

The outer duct forms the main support for the model test rig. It is bolted to the instrumen-

tation assembly section and takes the blow-off load at the large flange which interfaces with
the test facility. Leakage is prevented between the streams by means of a slip joint with pis-
ton rings. The joint takes no axial load but is instead, permitted to slide, allowing for axial
growth due to temperature variation.

3.1.2 Instrumentation and Support Section

This section of the test rig serves a dual purpose. It maintains the concentricity of the as-
sembly and contains all of the neces:ary instrumeniat: »m to define the properties of the flow
entering the nozzles.

The major portions of the instrumentation duct are shown in Figure 3-5. A single strut, hav-
ing an 18 percent NACA series 400 airfoil cross-section, passes through the primary duct and
is welded in place at the primary duct walls. The same strut passes freely through the fan
duct walls where clearance is provided to allow for relative growth due to temperature differ-
entials in the two streams. Two short struts, welded to the outer diameter of the primary
tube and positioned 90° to the primary strut, also pass freely through the fan duct wall.
When operating with a thermal gradient, the fan duct is allowed to change in diameter rela-
tive to the primary duct without distorting the duct shape and without any significant varia-
tion in concentricity. Outer seal housings were built around the floating struts to prevent
leakage from the fan stream.

Instrumentation for the measurement of total pressure and total temperature were installed
within the struts. The probes are made up of removable rakes which are held in place at the
ends of the struts. The rakes may therefore be installed or removed after rig assembly with-
out having direct access to the primary or secondary flow passages.
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Two diametrically opposed rakes are used in each stream to establish the total pressures and
temperatures. The probes (P; and T;) are arranged radially in each duct such that the probes
represent equal areas.- An arithmetic average of the probe readings is then equal to the area-
averaged value. The pressure and temperature probes are both included in each rake so that
the flow is sampled across the entire duct to determine an average of each property.

Static pressure taps were installed on the walls of the instrumentation section to define the
endpoints of the total pressure profiles across the passages. A total of 12 static taps were in-
stalled; 4 on cach wall at 90° intervals (4 primary taps, 8 fan taps). The taps were positioned
upstream and to the side of the struts to insure that the pressure readings are not influenced
by the blockage of struts or rakes.

In addition to supplementing the total pressure profile data, the static pressure readings pro-
vide an alternate means of determining the total pressure; the continuity averaging process.
In this process, the total pressure is calculated on the basis of the static pressure, the duct
area and the measured flow rate,

3.1.3 Exit Plane Instrumentation/Traverse Rig

The mechanism used to traverse the ejector exit plane for flow properties is shown in Figurc
3-6. The purpose of the traverse rig is to establish the static pressure, total pressure, and total
temperature of the flow along a radial line at the exit plane of the ejector.

During selected nozzle tests, the exit plane traverse was accomplished immediately after
thrust and acoustic data were taken. This procedure calls for a traversing system that is not

in view of the microphone array while acoustic data are taken. A vertical traverse unit is

used to move the horizontal (i.e., exit plane) probe traverse system into its operating position,
where the probe is driven along a radial line at the exit of the ejector. When exit plane data
are not being taken, the traversing system is stowed in a position upstream of the nozzle exit,
on the side of the nozzle opposite the microphone array.

10
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Figure 3-6 Details of Exit Plane Instrumentation Traversing System

The flow properties were measured with the probe shown in Figure 3-7. The static pressures
were measured with two orifices (a and b); one on each side of the 20° wedge. The total pres-
sure was measured at point c, at the front edge of the wedge. The total temperature was de-

termined by
the wedge, a
controls the

means of a thermocouple that is exposed to flow through ports at the rear of
t points d and e. The flow exits at the base of the wedge through port f, which
flow past the thermocouple head. This port was sized to establish the best bal-

ance between conductive and convective heat transfer.

The probe w

as calibrated for pressure and temperature measurement over the range of flow

parameters in the ejector/nozzle flow.
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Figure 3-7 Details of Traverse Probe

3.1.4 Acoustic Instrumentation

Laboratory calibrated Bruell and Kjaer 0.006m (0.25 in) (No. 4135) microphones were em-
ployed without protective grids or wind screens. They were positioned in a polar array con-
taining nine microphones at 60°, 75°, 90°, 105°, 120°, 130°, 140°, 150°, and 165° relative
to the upstream jet axis at a distance of 4.6m (15 ft) from the exit of the nozzle. The signals
from each microphone were recorded by a Honeywell 7600 series FM tape recorder, in a
double extended bandwidth mode operating at 3.05 m/sec (120 in/sec). The frequency res-
ponse in this operating mode was 80 kHz.

3.2 NOZZLE CONFIGURATIONS

A total of seventeen different configurations were evaluated during this program. All were
fabricated from AMS 5512 material. The pertinent geometric variables of the basic configu-
rations (without ejectors) are presented in Table 3-I. These variables include fan stream exit
area (Ag), primary stream exit area (A ), total exit area (At)’ equivalent diameter (De ) based
on total exit area, and the diameter encompassing the fan nozzle and primary nozzle assembly

(Dper), which represents the outer perimeter of the total basic nozzle unit.
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TABLE 3-1

PERTINENT GEOMETRIC VARIABLES OF THE
BASIC NOZZLE CONFIGURATIONS

Configuration A¢ A A¢l Ap A¢ Deq Dper
m? m9 m* n m
(in?) (in?) (in?) (in)  (in)
Reference Convergent Nozzle -— —_— — 0126 A27 0127
(19.6) 5.0y 5.0
Unsuppressed Coannular Nozzle .0054 .0072 0.75 0126 127 135
(8.40) (11.20) (19.6) (5.0) (5.32)
Unsuppressed Coannular Nozzlc .0069 .0057 1.2 0126 127 135
(10.69) (8.91) (19.6) (5.00 (5.32)
Multi-Tube Suppressor Nozzle .0054 .0072 0.75 0126 127 478
(8.40) (11.20) (19.6) (5.0) (7.00)
Convoluted Suppressor Nozzle .0054 .0072 0.75 .0126 127 .16l
(8.40) (11.20) (19.6) (5.0) (6.34)
Convoluted Suppressor Nozzle 0069 .0057 1.2 0126 127 165
(10.69) (8.91) (19.6) (5.0) (6.49)
Finger Suppressor Nozzle 0054 .0072 0.75 0126 127 .1_69
(8.40) (11.20) (19.6) (5.0) (6.66)

Detailed descriptions of all of the test models are presented in the following sections.

3.2.1 Reference Convergent Nozzle

The single stream reference nozzle is a low angle conical convergent nozzle shown in Figure
3-8. In order to adapt this nozzle to the coannular ducting of the test rig, a primary duct
fairing was made to blend the two streams, maintaining a constant fan/engine area ratio to
the mixing plane. The end piece is tapered to a minimum thickness to prevent an undesir-
able wake. When testing this nozzle, the same flow properties were established in both seg-
ments, therefore, the flow at the nozzle exit is uniform.

13
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: o 0127
0223 . {5.000)
. 0208 “ 0.165 0.146 (9.000) . _ DIA.
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0.220m " oA DiA. . DiA- PRIMARY DIJCT
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19.000 in} - . _‘,
o 0.0005
| {0.020)
' CONVERGENT NOZZLE
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STA. STA. STA. STA, STA.
1.173m 1.238 1.308 1.340 1.457
(46.20 IN.} (48.75) {51.50) (52.750) 157.3785)

Figure 3-8  Details of Reference Convergent Nozzle

3.2.2 Unsuppresed C_oannu‘lar Nozzles

Two unsuppressed coannular nozzles were built. The first with a fan to primary area ratio

of 0.75 is illustrated in Figure 3-9, while the second configuration, having an area ratio of
1.2 is illustrated in Figure 3-10. The primary nozzle for both configurations is a convergent-
divergent design (with an exit to throat area ratio of 1.1). This type of nozzle design has been
employed during many of the SCAR studies where high Mach number operation is the key
design point. The axial spacing between the primary and fan stream exits is also consistent

with these requirements.

T T ‘I-
f mm— R P P —] q___ — m—m —— e e — e e - - -
0.096 0.135 0.101
0.229m 0.146 13.776) (5.320) (3.972)
(9.000 IN.) 15.750) DiA. 0.106 DIA.  Dia.
DIA. LA, PRIMARY NOZZLE (4.185)
' 0209 | 0165
{8.250) 16.50} ‘ .
DIA. DIA. 1
e oy
1ne
0.068
(2.66) STA.
I UNSUPPRESSED RAD. gra. (1 449
TA. 1.404 57.07)
1511?;,“ STA. FAN NOZZLE e STA.
X 1.238 STA - 1416
“s20IN (48.75} 1.327 (65.75)

52.25)

Figure 3-9  Details of Unsuppressed Coannular Nozzle, 0.75 Area Ratio
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(48.20iN 148.75) 1327
{52.25)

Figure 3-10  Detdails of Unsuppressed Coannular Nozzle, 1.2 Area Ratio

3.2.3 Multi-Tube Suppressor Nozzle

This configuration consists of 44 identical tubes arranged in two circumferential rows which
form the throat of the fan nozzle (See Figure 3-11). Each tube is a convergent nozzle having
a 15 percent diameter convergence (area convergence ratio of 1.32), with a convergence half-
angle of 15°. The primary nozzle is the same as that used with the corresponding unsuppressed
coannular nozzle.

END VIEW A-A

STATIC PRESSUFRE TAP
LOCATIONS ~
AEF TO STA. 555
TAP NO. X fm) X {INY
21 0.015 0.58
22 0.008 [ 030
23 | 0,001 | “005 TOTAL 44 TUBES,
4 | -0010] 040 2 ROWS OF 22 EACH,
5 | -0031] —1.24 CIRCUMFERENTIALLY
% | -0081|-a17_| EQUALLY SPACED
0107m
0.229m 1420 IN}
{9.000 IN.) DIA, 0.016
DIA 10.625)
0.014 —
(0.569) A
(772 7= }
PRIMARY NQOZZLE =
@ | |
— 7,_50
A
2. — o
. &L S / 10.0104
\ 2|
FAN NOZZLE/MULTI- STA sta, Loows
TUBE SUPPRESSOR 20| t416 1454 (0.494)
(55,504 157.25)
STA. STA. STA. STA STA.
1.3723m 1.238 1327 1.401 1441
145,20 IN.} 148.75) 152,25} (55'_"5 } 156.75)
Figure 3-11  Details of Multi-Tube Suppressor Nozzle, 0.75 Area Ratio
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The tubes are fixed in a conical ring which is an integral part of the fan nozzle body. The
external lines of this conical ring are identical to those of the coannular unsuppressed noz-
zle. The upstream ends of the tubes are blended with the internal surface of the conical ring.
The downstream ends are at the same axial station, upstream of the primary nozzle exit.

The conical ring, to which the tubes are attached, comes into near4contaét with the external
surface of the primary nozzle. A radial clearance of about 0.0006m (0.025 inch) is provided
to allow for differential thermal expansion. ' -

Six static pressure taps were placed on the external surface of the suppressor to monitor the
external flow characteristics and to aid in analyzing performance and acoustic data. The tap
locations are referenced to station 55.5 which corresponds to the position of the ejector lead-
ing edge when an ejector is employed. The taps are aligned axially, in the space between the

" radial segments of tubes; three at the base of the tube assembly and three along the approach

to the tubes.
3.2.4 Convoluted Suppressor Nozzles

The first convoluted suppressor consists of 18 equally spaced lobes which form the fan stream
throat area (see Figure 3-12). This configuration has a fan to primary area ratio of 0.75.

Each of the internal lobes were machined to a constant width, continuing upstream from

the exit (along the inner slope shown in the side view in Figure 3-12) blending with the cy-
lindrical duct upstream of the convergence. The external lobes were likewise machined along
their inner slope, blending with the external surface of the fan duct. The result is a three-
dimensional convoluted approach to the fan exit by which the fan flow and ambient air (or
external flow) are mixed.

STATIC PRESSURE TAP
LOCATIONS ~
REF TO STA %55

TAPNO. | Ximif X{IN}
21 0011 058 |
22 0008 | 0.30
23 0001 ) 005
24 a010] o040
25 0.031 1.2a
% -0.081 ] ~317

TOTAL OF 18 LOBES /

' PRIMARY NOZZ(F
tNNER SLOPE

\. INTHFRNAL LOBE ’OL’TER SLOPE
v

INTERNAL *
LOBE
(EXTERNAL INNEH SLOPE ;
LOHE OUTER SLOPE . Y [3a )
777 i LexteanaL 0008
H 10.020
LOBE

ﬁ

P \ END VIEW AA
| FAN NOZZLEs  OTA.
| CONVOLUTED

156325 sra

STA STA supPRESSOR 15228}
1.173m 1.238 TA 2 454
S 157,251
146.20 IN) g 75 1410 :

Figure 3-12  Details of Convoluted Suppressor Nozzle, (.75 Area Ratio
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The axial positions of the taps on this convoluted suppressor are the same as those of the
tubular suppressor arranged along the inner slope of an external flow convolute (see Figure
3-11). '

A second convoluted suppressor, of similar design to th@ first, but with a fan to primary area
ratio of 1.2 is illustrated in Figure 3-13. ' ' :

The primary nozzles used with the convoluted suppressars are the same as those used with
the unsuppressed coannular nozzles of the same fan to primary area ratio. -

SIATIC PRESSUNL AP
OCATIONS *

L GEE TUSIA WhY .
IAPNO | Xtmi ] XONJ .. PRIMARY NOZZLE
(=5 ["noon] o2e | \
FF ) 047 .
73 DiLi| 0774 | \ ,
E) h0174] _0.490 i :
T [ oommi] via6 . ﬂ///ﬂ - .
(C % [ oms) 3 W - - ]
= r, y 2] . i
000 s} . H .
) ! ~ A = Ny A=
tha H .—/-//' ; - @ | @ .
— 7 7T AT T
ST i '
/ / .
| I 7 1 N | ! END VIEW A-A
" FANNOZZUF ‘."'1’_“ 2 STA |
. L | convoruten 12 V421
51A sTa suspragsson 15700 shom  STA
1 573m 1.238 ' 449
144 70 1) \aR 7 157 07}

Figure 3-13  Details of Convoluted Suppressor Nozzle, 1.2 Area Ratio
3.2.5 Finger Suppressor Nozzle

The finger suppressor is composed of 32 equally spaced radial projections which subdivide
the fan nozzle exit into an equal number of individual rectangular nozzles (Figure 3-14). As
in the other suppressor designs, the external lines approaching the plane of the fingers are
identical to those of the unsuppressed coannular nozzle.

T
- e e e e G e N,
STATIC PRESSURE TaAP ‘ %{ -
LOCATIONS ~
REF. TO STA 555
TAPNO. [ X im} X Gin} ‘
7 0.0050__ 1 0.200 srcun
2 0.0057 0.225
23 0.0064
24 0.0033
p) 0.0375
% 0.0064
.229m FAN NOZZLE INGER SUPPRESSOH
(9.000 in} -
DIA

7777777777777/ /

SECTION A A

. 1.32m
(5228182

Figure 3-14  Details of Finger S‘upprcssor Nozzle, 0.75 Area Ratio
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The fingers have a triangular cross-section (as shown in Figure 3-14, Section B-B); the apex
being at the upstream side to smooth the approach to the exit plane. The downstream side

is flat, representing the portion of the finger that would be flush with the inner wall of the
fan duct when the suppressor is stowed. The primary nozzle was the same as that used for the
0.75 area ratio unsuppressed coannular nozzle. : '

As with the other suppressors, pressure taps were placed on the downstream surface of the
fingers and on other portions of the suppressor where non-ambient pressure levels were ex-
pected in order to monitor the flow characteristics and to aid in interpreting the data.

3.2.6 Ejectors

The ejector geometry is based on the configurations uscd for recent SCAR studies and, as
such, represents a flight-type, high Mach number design. The same ejector length/diameter
ratios are maintained. The relation between the ejector and the primary/fan nozzle system
was established on the basis of supersonic cruise requirements. The ¢jector inlet and exit
areas however, were sized to produce high performance at static conditions for the 0.75 area
ratio unsuppressed coannular nozzle. However, the same ejectors were used with all configu-
rations.

Two ejector configurations were tested; a hardwall version and one with internal sound treat-
ment. A basic cjector shell could accept a hardwall or an acoustically treated insert. Each

of the two ejectors were interchangeable with the suppressor configurations. The hardwall
ejector is shown in Figure 3-15, mated with the convoluted suppressor. The treated ejector
is shown in Figure 3-16, mated with the tubular suppressor. In all configurations, the leading
edge of the ejector is at station 55.5.

STATIC PRESSURE TAP
LOCATIONS mw REF 10STA 555

TAP NO X tm] X fin)
LR A 0.008 033
212 0.027 1.08
313 0.045 183
414 nNGR 258
.15 0.001 358
6.16 A 483
117 2161 6.33
818 0199 783
9,19 0237 933
1020 0275 10.83
2 0.015 058
2 0.008 030
23 -oo0m 0.05
24 -0.010 040
25 -0.031 124
26 - 0.081 317
i
0.183m .
17.200 )
DIA
. A —— 0229m
- T ST 19.000 in)
< — 1
T oia
PPt 6 | B
gt @)
7 ! <
- L @ . s HAHDWALL INSERY .
-~ ' o
T /"é @3 ;/*——-—'———v——{—— /— T e e . SN ?
e N = T
L — .- —x . . ' -
—_—— e — R B BT TAPNOW
1ap numpers (D) @G?’@‘m ®B ©M O®) ®E 0 (&l ~ il rarno. 1120
' s -
)=~y xm() 318
STA STA
1410m 145¢ 167.125) SECT A-A
155.50 in} 5725}

Figure 3-15  Details of Hardwall Ejector Mounted to the 0.75 Area Ratio Convoluted Suppressor
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Figure 3:16  Details of Acoustically Treated L‘/ecxor Moumcd to Ihe 0.75 Area Rutio Mulu Tube.
Suppressor . S S

The hardwall ejector contained the instrumentation required to establish the internal axial -
static pressure gradient along the full length of the ejector wall. The instrumentation in the
cylindrical portion of the ejector was contained within the hardwall insert. This instrumen-
tation was eliminated when the hardwall insert was replaced with the acoustically treated in-
sert. However, the upstream static taps remained in place for both configurations. The pres-
sure taps were placed in two axial rows at circumferential positions that correspond to the
extremes of the suppressor. For example, when the ejector is assembled with the convoluted
suppressor, one of the rows of taps is aligned with an internal (fan stream) lobe and the other
is aligned with an external lobe. When the ejector is combined with the tubular suppressor,
one row of taps is aligned with the tubes; the other with the spaces between the tubes. The
two rows of pressure taps are placed 9° apart circumferentially. This relative location accom-
modates all suppressor installations. The taps were located circumferentially about mid-way
between the ejector struts to avoid the local flow interference in the vicinity of the struts.

The internal wall of the treated ejector is fitted with an insert containing a 0.0064m (% in)
thickness of compressed ““Cerafelt”, used to absorb flow-generated sound. The insert has a
face sheet porosity of 30 percent made with holes of 0.0004m (0.016 in) diameter.

The relation of the ejector to the unsuppressed and suppressed coannular configurations is
illustrated in Figure 3-17. The axial spacing (AX) between the fan nozzle exit and the lead-
ing edge of the ejector is indicated along with the ratio of the ejector diameter to the dia-
meter of the circle enclosing the basic nozzle/suppressor exit (Dejec/Dper)'
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Figure 3-17  Ejector Size and Placement Relative to All the Tested Nozzle Configurations




4.0 DATA

The types of data produced from the experimental testing are described in this section,

along with the test procedure and a matrix showing the conditions at which each of the
model configurations was tested. Various acoustic and aerodynamic parameters were ob-
tained from the testing of the 17 different configurations over a matrix at pressure ratios and
temperatures. Data covered a total of 417 operating points. Acoustic data from this program
is documented in model size as well as scaled to represent a full size AST powerplant.

The model scale data is based on the 0.127m (5in) equivalent diameter size models tested.
The acoustic parameters are:

One-third octave band sound pressure level spectra at 4.6m (15 ft) radius from

60° to 165° relative to the upstream jet axis, corrected to theoretical day condi-
tions. “Theoretical day” is a hypothetical day with atmospheric conditions pro-
ducing zero atmospheric attenuation of noise. The noise levels thus were corrected
for the full amount of atmospheric absorbtion occuring during each test point
acquisition time period.

Overall sound pressure level at 4.6m (15 ft) for the same angles as spectra.
One-third octave band power spectra for 0.127m (5 in) equivalent diameter models.

Overall sound power level.

The following acoustic parameters are scaled 10X to a 1.27m (50 in) size to represent a full
size AST powerplant:

One-third octave band sound pressure level spectra at 45.7m (150 ft) radius from
60° to 165° relative to the upstream jet axis.

Overall sound pressure level at 45.7m (150 ft) radius from 60° to 165° relative to
the upstream jet axis.

One-third octave band power spectra.
Overall sound power level.

Perceived noise levels calculated at various sideline distances including 648.6m
sideline at zero altitude from 60° to 165° relative to the upstream jet axis.

The aerodynamic parameters are:

Nozzle thrust coefficient.

Nozzle flow coefficient for each stream.
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®  Static pressure distribution along the internal surface of the ejector and the ex-
ternal surface of the suppressed nozzle.

® Temperature and velocity profilés in the plane of the ejector exit, whether or not
the ejector was in place. .

The actual test procedure used to obtain data was as follows:

1) The slave J57 engine used to provide the model airflow was started and allowed
to run for 2 hr. in order to warm the ductwork and expell any foreign matter in
the piping.

2) The acoustic and thrust measuring systems were checked and calibrated.

3) Wind velocities were monitored. Normally, acoustic measurements were made
with wind velocities under 8 mps; however, on occasion, slightly higher wind
velocities were allowed, but only if all microphones exhibited normal behavior.

4) Pressures and temperatures were set in each stream and allowed to stabilize.

5) Pressure, temperature and thrust levels were read under steady state operating
conditions and entered on computer coding sheets for subsequent computerized
data reduction.

6) Acoustic data was recorded simultaneously for all 9 channels on a 14 channel
tape recorder for subsequent processing.

7)  On-line one-third octave band analysis was performed on signals from selected
microphones (i.e., angles) to ensure satisfactory operation.

The above test procedure was followed in the testing of all configurations ensuring consis-
tency in the results obtained during the program.

Samples of all of the full scale acoustic and aerodynamic parameters are presented in this
report for each configuration, illustrating the major findings of the program. In addition, a
tabulation of acoustic power level and perceived noise levels, at all measurement angles, for
all test points, is included in Appendix I.

Due to the large amount of data involved, the complete results of the testing have been com-
piled separately in the Comprehensive Data Report (CDR), NASA CR-134910 (Ref 8). This
report includes both the model scale and full size data.

Table 4-1 lists the nozzle operating conditions for each test point. In this table, nominal
values of the stream temperatures and pressures are listed.

The detailed data reduction procedures and sample data outputs are presented in Sections 4.1
and 4.2. A discussion of data validity based on the acoustic measurements taken with a con-
vergent nozzle is presented in Section 4.3. The method used to synthesize the jet noise of a
coannular nozzle is presented in Section 4.4 for reference purposes.
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TABLE 4-1

TEST MATRIX
PtP /Pu TtP (OK) T(f (-OK) Ptf/l)u
1.3 1.8 2.5
0.75 Area Ratio Unsuppressed Coannular
1.53 395 395 XD X X
700 X X X
895 X X X
1089 X X
700 395 X X X
700 X X X
895 X X X
1089 X X
811 395 X X X
700 X X X
895 X X X
1089 X X
1089 395 X X X
700 X X X
895 X X X
1089 X X
2.0 811 700 X X
2.0 811 1089 X X
2.5 811 700 X X
.5 811 1089 X X
0.75 Area Ratio Unsuppressed Coannular With Hardwall Ejector
1.53 811 700 X X
1089 X X
0.75 Area Ratio Unsuppressed Coannular With Treated Ejector
1.53 811 700 X X
1089 X X
1.2 Area. Ratio Unsuppressed Coannular
1.53 395 700 X X X
1089 X X
811 700 X X X
1089 X X

PRI I P e SR e i e S PSS

X xR X
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P, /P,

T, CK)

Multitube Suppressor

1.53

395

811

811
811
811
811

- TABLE 4-I (Cont’d)

T, CK)

395
700
895
1089
395
700
895
1089
700 X
1089
700 X
1089

TR XX

HH K

Multitube Suppressor With Hardwall Ejector

1.53

1.53

395

811

395 X
700 X
895 X
1089
395
700
895
1089

P
P R o e e R e

Multitube Suppressbr With Treated Ejector

1.53

2.0
2.0
2.5
2.5
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P, /P,

Finger Suppressor

1.53

Finger Suppressor With Hardwall Ejector

1.53

Finger Suppressor With Treated Ejector

1.53

0.75 Area Ratio Convoluted Suppressor

1.53

2.0
2.0
2.5

2.5

0.75 Area Ratio Convoluted Suppressor With Hardwall Ejector

1.53

T,, CK)

395

811

811

395

811

395

811

811
811
811
811

395

811

T, CK)

700
1089
700
1089

700

1089

700
1089
700
1089

395
700
895
1089
395
700
895
1089
700
1089
700
1089

395
700
895
1089
395
700
895
1089

1.3

X KX

XX X KX

XXX XXX

- TABLE 4.1 (Cont’d)
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TABLE 4-I (Concluded) |

KR K KR NK

P"p_/[’n ’ T,[p (°K) Ty (°K) P/P,
' 1.3 1.8 2.5 3.2
0.75 Area Ratio Convoluted Suppressor With Treated Ejector
1.53 395 395 X X
700 X X X
895 X X X
1089 X X
811 395 X X
700 X X X
895 X X X
1089 X X
1.2 Area Ratio Convoluted Suppressor
1.53 395 700 X X X X
1089 X X
811 700 X X X X
1089 X X
1.2 Arca Ratio Convoluted Suppressor With Hardware Ejector
1.53 395 700 X X X X
1089 X X
811 700 X X X X
1089 X X
1.2 Area Ratio Convoluted Suppressor With Treated Ejector
1.53 395 700 X X X X
1089 X X
811 700 X X X X
1089 X X
Convergent Nozzle
T, (°K) P, /P,
1.15 1.3 1.53 1.8 2.0 2.5 2.65
395 X X X X X X
700 X X X X
811 X X X
895 X X X X X
1089 X X X X
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4.1 AERODYNAMIC DATA REDUCTION .
The measured aerodynamic properties are divided into three categories:

(a) Thrust Coefficients and Flow Coefficients
(b) Surface Static Pressures C
(c) Exit Profiles

The basic aerodynamic performance characteristics are presented in category (a) along with
the flow properties in each stream. The static pressures (b) provide the axial pressure
distributions useful in diagnosing the performance of the nozzles. The exit profiles (c)
include the temperature and velocity surveys measured in the nozzle plume.

These data are based on pressure, temperature and thrust measurements made while main-
taining steady-state model flow conditions during each test point. The pressure data were
established by means of U-tube manometers, Heise gauges and a pressure transducer system.
The temperatures were measured with the use of Brown potentiometers. The thrust mea-
surements were based on the output of two Baldwin-Lima-Hamilton load cells (5000 1b.
capacity),whose accuracy was rated at +0.02% of full rated load.

The reduction of the basic data to the final aerodynamic parameters is described in detail
in following sections.

4.1.1 Thrust Coefficients and Flow Coefficients
The thrust coefficient of a nozzle is a function of the thrust produced by the nozzle (F)

and the ideal thrust which is available (Fi) based on the properties of the flow entering the
nozzle. The nozzle thrust coefficient, C_, is defined as:

The nozzle thrust is measured with two load cells positioned between the floating thrust
bed and the stationary platform. The Nozzle thrust (F) is established as follows:

F=F; —~F,+AF| + AF, + AF3 (N, Ibs)
where: F¢ . = Total load cell output
Fo =  “No-flow” load cell output; the initial load cell readings

taken after the stand is brought up to operating temperature.

AF,, AF, =  Stand tare forces associated with variations due to thermal
growth of the metric components.
AF3 =  Corrections for variations in the air weight within the met-

ric portion of the stand. The volume of the metric portion
of the flow system is large enough to experience some vari-
ations in air weight within the operating range of tempera-
ture and pressure.
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The total ideal thrust (Fit) is defined as:

. =F. +F. N, 1b
1t " Primary  Fan (N, 1bf)

The ideal thrust (F;) of each stream is calculated by the equation:

y+1 L-l_
Fi =P A* 272(2 )7-11 =) -

where:
Pt = Total pressure at instrumentation station (N/mz, psia)

P, = ambient pressure (N/mz, psia)

W [Tt & 7-1 6
A* = — |+
| 8. 2
and W, =  Total Mass Flow = W + Wg, 1 (kg/sec, Ibm/sec)

w = Air flow rate, measured at the upstream venturis (kg/sec, lbm/sec)
Wssel =  Fuel flow, measured by digital fuel meters (kg/sec, lbm/sec)

T; =  Total temperature at instrumentation station (°K, °R)

¥ =  Specific heat ratio

R =  Gas constant = (88.51 Nm/kg °K, 53.3 1bf ft/ibm °R)

8¢ = Conversion factor = (1.0 kg m/N secz, 32.174 1bm ft/1bf secz)

The nozzle flow coefficient for each stream is calculated by the equation:

W
t
Cd=__._
v
+
PA y — o \- (y+1)
where: W, = 1+ M 2(7'1).
\/'Il?t e% 2 3M<1.0

(kg/sec, Ibm/sec)
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A =  Nozzle exit area in each stream (m2, in2)
The exit areas were determined by measurement at ambient

temperature and corrected for the effect of the elevated
testing temperature.

-1

2 Y
M =  Fully Expanded Mach Number = -1 (P4/P,) -1

The thrust coefficients and flow coefficients for all the test configurations are included in
Section B of Volume II of the CDR. A sample of the data available in the CDR is presented
in Figure 4.1-1a for Configuration (3) which is the multi-tube suppressor nozzle. The thrust
and flow coefficient are tabulated along with the flow properties of each stream (Pressure
ratio, Pt/Pa’ temperature T, and ideal jet velocity V).

4.1.2 Surface Static Pressures

Static pressures (P) were measured along the external surface of the suppressors and along
the internal surface of the ejectors. The pressures are ratioed to ambient pressure (Pa) and
tabulated in the CDR where they are identified by pressure orifice number (TAP) and axial

location, X/L, where:

X = position of pressure orifices relative to station 55.5
(which corresponds to leading edge of the ejector)

L = Ejector length =0.295M (11.63 in.)

All of the static pressure data is presented in Section B, Volume II of the CDR. A sample of
the data is presented in Figure 4.1-1b for Configuration (4) which is the multi-tube suppressor

with the hardwall ejector.

4.1.3 Exit Profiles

Temperature and velocity profiles were obtained in the plane of the ejector exit. All
configurations (with or without an ejector) were traversed along a radial line in the same
plane. The suppressor nozzles were oriented circumferentially such that the probe was mid-
way between extreme points of the suppressor geometry. When an ejector was used, it was
oriented circumferentially such that the traverse probe was midway between the support
struts. The probe readings therefore reflect an average of the circumferential distribution.
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The probe simultaneously measured a static pressure (P), a total pressure (Py) and a total
temperature (T;) at a given radial position (R). The velocity (V) was then calculated by
the following equation:

g BT, M2

V = (m/sec, ft/sec)

1+ -1 e

2
where:
v-1

M=, 2 @ /Py 7 1

y-1\t° -

All of the resultant traverse data is included in Section B, Volume II of the CDR. A sample
of the data is illustrated in Figure 4.1-1c. It is presented at each radial position (R), non-

dimensionalized to the exit radius of the ejector ( Rexit)-

a) Thrust coefficients and Flow Coefficients

CONFIG NO. TEST PT. PTP/PA TIP (DFGF) VP (FPS) PYIFPA TIF(DEGF) VF(FFS) cv CcDP CDF
30 205.03 2.00 952. 1755. 1.78 1463. 1889, 0939 0.988 09523
3.0 206.01 248 999. 2015, ki) 824, 2103. 0958 0.985 0941
30 206.02 251 987. 2018, 1.80 813. 1543, 0944 0.999 0.921
30 206.03 249 990. 2013, 1.29 807. 1031. 0938 1.000 0906
30 207.01 249 995. 2016. 4,08 1509, 2841, 0949 0.995 0954
3.0 207.02 253 984, 2021. 255 1501, 2374, 0948 0.986 0918
30 207.03 250 984. 2011, 1.79 1491. 1904. 0953 0997 0.508

'b) Surface Static Pressures

CONFIG. (4 MULT)-TUBE W/HARD EJECTOR TEST POINT NO. = 60.010

TAP 1 2 3 4 5 6 7 8 9 10 11 12 13

XA 028 093 157 222 308 416 545 574 803 932 028 093 157

B/PA 0.826 0.826 0.864 0.854 0888 0957 0990 0993 0994 0990 0810 0.830 0.870

TAP 14 15 16 17 18 19 20 21 2 23 24 25 26

XjL 222 308 416 545 £74 803 932 050 026 -004 - 034 -107 -273

P/PA 0.850 0.881 0.920 0.991 1.000 0999 1.000 0.783 0.866 0.841 0931 0.991 0.998

¢) Exit Profiles

CONFIGURATION (3) MULTI-TUBE TEST POINT NO. = 55010

R/REXIT 00 0139 0218 0417 0.556 0.6% 0.833 0972 1L.m 1250
TTEXIT 931,  930. 939, 917. 890. 753. 569. 402, 270. 190.
VEXIT 909.  953. 974, 957. 1o17. 990. 729. 413, 188. 73.

Figure 4.1-1 Sample of the Aerodynamic Data Contained in the Comprehensive Data Report NASA CR134910
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4.2

The measured acoustic signals recorded by the nine microphone array at 4.6m (15 ft) radius
were corrected, analyzed and converted to full size engine data (10X model size) by the

ACOUSTIC DATA REDUCTION

procedure illustrated in Figure 4.2-1. This figure also indicates the data outputs available
for both the 0.127m (5 in) equivalent diameter model size and the 1.27m (50 in.) full size
scaled engine data. All of the data is available in the companion Comprehensive Data Report,

NASA CR-134910 (Ref. 8).

Far Field Acoustic Signals Recorded and
Stored on Magnetic Tape: Nine Microphones
at 4.6m {15 ft) Radius

A

Acoustic Signals Analyzed to Produce
One-Third Octave Band Spectra From

100 Hz to 80,000 Hz
¥

® Spectra Corrected for Cable and
Microphone Calibrations

@ Spectra converted to “Theoretical
Day’’ by correcting to ‘“Zero’’ Atmospheric
Absorbtion

@ (Calculation of overall sound pressure
level, sound power level spectra and
overall sound power level

® "Theoretical Day'’ Spectra Scaled 10X
Size to Produce Acoustic Parameters
for 1.27m (50 in} equivalent Diameter
Full Size Engine at 45.7m (150 ft)
radius measuring distance

@ Scaled Spectra Corrected to Standard
Day by Subtracting Standard day
Atmospheric Absorbtion from
““Theoretical Day” SPL Values

® QASPL Calculated

@ PNL Calculated for Different Sideline

Distances

\ 4

Output

Data for 0.127m (5 in) Equivalent Diameter
Models Converted to ‘' Theoretical Day”’
{Zero Atmospheric Absorbtion)

® SPL Spectra for all Angles at 4.6m
{15 ft) Radius

® OASPL at Each Angle

® PWL (f) and OAPWL

Output

Data for 1.27m (5Qin) Equivalent Diameter Full
Scale AST Engine Converted to Standard Day

@ SPL Spectra and OASPL for all Angles
at 45.7m (150 ft) Radius

® PWL{f) and OAPWL

® PNL at 45.7m (150 ft) Radius and 61m
(200 1), 112.8m (370 f1),243.8m
(800 ft) and 648.6m (2128 1)
Sidalines

Figure 4.2-1 Acoustic Data Reduction Procedure
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The tape recorded far field signals from the nine microphones were reduced to one-third oc-
tave band sound pressure levels by analog/digital analysis equipment. This analy31s was per-
formed on a General Radio No. 1921 Analyzer.

The one-third octave band as-measured model size sound pressure levels, analyzed in the

GR 1921 Spectrum Analyzer from 100 Hz to 80,000 Hz, were corrected for calibrated

cable and microphone response. The data were then transformed into *“theoretical day”

data by applying the values of atmospheric absorption defined in reference 9. This procedure
entails adding a ASPL as a function of frequency, relative humidity, and ambient tempera-
ture to the measured SPL levels. The ASPL corrections represent an estimate of the absolute
sound absorption for noise in each of the one-third octave bands. The resulting “theoretical
day” data represents the noise that would be measured at the microphone if no noise were
lost through atmospheric absorption. Typical values of atmospheric absorption calcula‘n}ed

by the method of reference 9 for the 15 ft measuring distance used in this program are illus-

trated in Table 4-1I.

TABLE 4-11
ATMOSPHERIC ABSORBTION ESTIMATES
FOR A TYPICAL DATA POINT

4.57m (15 ft) Radius
Temperature —307°K (93°F)
Relative Humidity —49%

Freq Freq Freq

(KHz) A SPL (KHz) A SPL (KHz) A SPL
0.050 0.0 0.80 0.0 12.5 0.5
0.063 0.0 1.00 0.0 16.0 0.6
0.080 0.0 1.25 0.0 20.0 0.9
0.100 0.0 1.60 0.1 25.0 14
0.125 0.0 2.00 0.1 31.5 . 1.9
0.160 0.0 2.50 0.1 -40.0 2.8 .
0.200 0.0 3.15 - 0.1 50.0 4.4
0.250 0.0 400 0.1 63.0 6.4
0.315 0.0 5.00 .02 . 4. 80.0 9.6
0.400 0.0 6.30 0.2 100.0 14.4
0.500 0.0 8.00 0.3

0.630 0.0 10.00 0.3

The corrections at the very high frequencies, i.e., above 40K Hz, become quite large. At

80K Hz, the correction of 9.6 dB represents a loss of nearly 90% of the noise that would
have radiated to the microphone if no atmospheric absorptlon were present. The formulae
used in Reference 9 have been verified as accurate only for sound frequencies below 10 ,000
Hz. However, since a more accurate method of estimating atmospheric absorption is not pre-
sently available, the formulae of Reference 9 were used directly to calculate the values of

32




atmospheric absorption for frequencies up to 80,000 Hz required for the scale model data.
The “theoretical day” SPL’s were integrated over the measured frequency range to obtain
overall sound pressure levels (OASPL).

The theoretical day model scale data from all test points are compiled on computer output
sheets in the Comprehensive Data Report (Ref. 8). Table 4-IIl is a sample data page. At the
top of the page are listed the pertinent ambient and nozzle operating parameters in both U.S.
customary units as well as the International System of Units (S.L).

The left hand column lists the ambient temperature (TEMP), pressure (PRES), and relative
humidity (REL H). Wind direction (WIND D) and wind velocity (WIND V) were also moni-
tored but not included in the data sheets. A tabulation of wind velocities is included in the
Comprehensive Data Report.

The center columns list the full scale primary and fan stream exhaust nozzle areas (AREA)
as equal to zero to indicate that the noise data are in model scale form. In the same columns
are found the stream total to ambient pressure ratio (P.R.), stream temperature (TEMP), and
stream density (RHO), and the ideally expanded velocity (VEL).

The right hand columns list the full scale mass flow (MASS FLOW) as equal to zero to indicate
that the noise data are in scale model form. Also listed in this column are the model size ideal
thrusts (THRUST, IDL), exhaust nozzle areas (AREA MOD), and mass flows (W MODEL).

Below the parameter listing are the tabulated, model scale one-third octave band sound pres-
sure levels at a 4.57 m (15 ft.) polar distance under free field measurement conditions dur-
ing a “theoretical day.” The center frequencies of the 30 measured one-third octave bands
from 100 Hz to 80 K Hz are listed in the left hand column. The one-third octave band sound
pressure levels for each microphone measuring angle, 60°, 75°, 90°, 105°, 120°, 130°, 140°.
150°, and 165°, at each one-third octave band are listed in the appropriate columns.

The one-third octave band power levels (referenced to 1072 watts) are listed at the extreme
right hand side of the page.

Below the one-third octave band sound pressure and sound power levels are listed the 4.57 m
(15 ft.) radius overall sound pressure level (OSPL) for each angle and the overall sound power
level (OAPWL).

The theoretical day noise data were also scaled to represent a full size SCAR engine having
linear dimensions corresponding to a 1.27 m (50 in.) equivalent nozzle diameter (ten times the
model size). Thus, the measured SPL levels were increased by 20 log 10 or 20 dB and mea-
sured frequencies were reduced by a factor of 10 to produce full scale engme noise character-
istics.

The full scale SPL levels were extrapolated to 45.7 m radius for a standard FAA day by ap-
plying the spherical divergence law, A dB = 20 log r,/r; and the atmospheric attenuation
corrections of SAE ARP 866. Overall sound pressure levels (OASPL) were determined by
integrating the SPL values from 50 Hz to 8000 Hz. .
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TTeMPT 93.0(F1 T 3309(CH

PRES 25.00IN 0.85B84AR
wIND D i .
alNd ¥ 0vPH 0.0M/5

REL H 49.0%

M/S  312.7 T18.7 W {MODELY} LB/S 5.0 3.9 KG/S 2.3 1.8
B ALl AL LA A L Ll L L L E A L e Al L A R L L L A L LT ALl LA Xl L A L L L L L X I e L XX L LT L I e I Y ST Iy ]
JET NOISE DAYA L5.0F T RADIUS THEQRETICAL DAY SPL -~ {MODEL)
MICROPHONE ANGLES IN DEGREES POWER
165 1E=-12v
0.0 22,6
0.0 22.
0.0 _ 22.8 .
10L.4 112.3 ;
104.0 114.9 i
106.1 116.9 J
108.8 119.7
107.5 121.0 .
110.0 ~12243 :
108.2 121.9 !
105.9 122.1 i
10s.0 122.3
101.8 122.6
99.3 122.0
97.9 12244
96.3 122.0 I
95.1 121.9 ]
93.7 121.5
2.8 121.8
9l.7 122.3
9.1 123.3
90.3 124,06
89.7 125.9
89.6 127.2
89.5 127.4
89.6 127.4
86.8 127.0
8Y9.6 127.%
88.5 120.1
49.6 125.8
90.7 12%.1 -}
92.3 ’ 124.8
9149 12640 _
l4.4 3.t
DAPWL » _138.4. |
117.3

BAND L.
CENTER FREQ
(K2} 60
« 050 0.0
«063 0.0

030 _ 0.0 |
<102 85.8
«125 8l.3
150 _T9.8 _
20D 8.7
«350 83.7
315  37.8
«430 d4d.0Q
«$J) 89.%
630 _ 99.6
<800 91.5
1.00 91.1
1.25 . 92.4
i 1e02 92.3
" 24030 92.8
2.50__ 93.1
.15 93.5
4.00 94,2
$.00 . 95.0
6.30 95.7
8.00 %643
110.0 | 95,6
12.5 9.4
15.0 97.2
20,0 __ 95.9
‘250 95.3
3.5 9.3
40,0, _ 91.9
50.0 Y2.4
63.0 89,7
f0.0 | 8d.t
"1u0. 144
25PL  107.9

15

0.0

0.0

79.8
84.0

854
86.3
86.9
§7.0
984.5

_92.0

S1.3
90.4
_S4ek
9.7
92.6

9248 .

92.8
3.4
94.6
95.7
9.7
97,7
97.3
100.5
103.1
10l.5
1.8
102.06
102.7
103.2
195.9
14.4

113.0

0.0 _.

8345 _

113.2

TUTSTAND X033
CERRN kARSI RIS UEN

TRIG ID 4
A EAR NN R E R AR AR NN
PRIMARY  FAN _

AREA SQFT 0.0
PeR. le54
TEMP (R} T53.2 1}
RHO LB/FT3 0.060
VEL FPS 1026.0 2

84.6

8649 _

H8.5
90.4
93.0
92.3
94.2

. 95.0 |

96.1
66.5

_97.5

9.2
94.0
98.4
Y8.7
9%.9
101.3
102.4
10646
106.8
107.7
107.9
107.9
109.2
107.4
106. 4
10%.4
104.0
104. 4
4.4

118.0

82,9

TABLE 4-1li
SAMPLE OF ACOUSTIC DATA
(Model Size; Theoretical Day)

" TTEST DATE 07711774

0.0
2.50
971.0 .
0.025
358.0

1/3 OCTAVE 8AND MOOEL

97.7

119.1

96.3

97.3

9.1
100.0
100.4
102.3
101.5
102.4
102.6
102.6
101.9
10l.4
101.1
101.6
102.6
103.5
104t
104.7
104.5
103.4
1C4. 4
103.2
1C3.4
103.4
103.5
104.9
l4.4

116.8

140

11443

150

(4]

0.0
95.4
98.3
100.3
103.3
105.1
106.7
106. 4
106.5
106.5
106.0
10447
103.9
102.8
101.9
100.6
99.6
98.5
97.6
97.1
9.6
96.9
9643
95.7
95.5
96.0
9542
95.6
9646
48,2
100.8
l4.4

116.8

0.0
.0

SCALE RATIO 10.0/1 RUN NUMBER 60.01

FUSGMRERBABE AR PEEASS RO RO AARBEEERI AN SO USRI POERESSH A GRORAONOIGUERUREOSOS

)
i
— - PRIMARL._FAN 1

.. —-.-_PRIMARY.._FAN PRIMARY __FAN._
SQ4 0.0 0.0 MASS FLOK LB/S 0.0 0.0 KG/S 0.0 0.0
1.54 2.50 THRUST, IDL LB 159.4 282.9 N T09.1 12%%.3 !
(K). &418s4 _1095.,0..___THRUST,MEA__. 10 __ __ _ 0.0 S 1Y ¢

KG/M3 0959

. —— N
0.405 AREA (MOD} SOFT 0.08 0.06 SQM - 0.007 0,005




Perceived noise levels (PNdB) were computed according to SAE ARP 865 from the SPL
spectra and extrapolated to various sideline distances at zero altitude.

Sound power level spectra and overall power level were determined individually for the model
data and data scaled to full size by spatial integration over the nine microphone positions from
the listed SPL and OASPL values assuming symmetry about the jet axis of the noise generation.
Since the theoretical day model scale data represents the noise that would be measured if no
atmospheric absorption were present, the power levels represent noise generation at the source.
The full scale data, however, represents noise that would be measured on a standard FAA day.
Thus the full scale power levels represent an integration of the far field noise levels on a
standard FAA day, reflecting the common method for comparing full scale data. The actual
power level calculations employed were:

W
PWL =101
og ( W

ref

) = sound power level, in decibels

. n p.2
. 1
where: W = 2 AA, = the acoustic power, in watts
i=1 p,C
— -12
Weee = 10 watts = the reference power level
SPL
(—
pP? = 10 ' P_2 = mean square sound pressure

= 20X 10 N/M? = reference acoustic pressure

P, = atmospheric density

C = atmospheric speed of sound

n . = number of microphones

AA;, = surface area of spherical segment associated with it" microphone

o for the first microphone

: , 8, +0,
AA, = 2mr? [cos B, — cos ( — )l
- ' 2
e for intermediate microphones
.. +6. 0. +0.
AA; = 2ar? [cos ( L, ) — cos ( -—'—l“—)]

2

o
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e for the last microphone

6,,t+0,
AA, = 2mr? [cos (—————— ) —cos@ ]
2
where: T = distance of microphone from nozzle

As the characteristics of the test facility insure far field acoustic signals free from ground
reflections, all acoustic values calculated from the measured data are also far field. The ex-
trapolated values do not include extra ground attenuation. The acoustic data from all test
points is compiled on computer output sheets in the Comprehensive Data Report (Ref. 8).
Table 4-1V is a sample data page. At the top of the page are listed the pertinent ambient
and nozzle operating parameters in U.S. customary units as well as the International System
of Units (S.L.).

The left hand column lists the ambient temperature (TEMP), pressure (PRES), and relative
humidity (REL H). Wind direction (WIND D) and wind velocity (WIND V) were also moni-
tored but not included in the data sheets. A tabulation of wind velocities is included in the
Comprehensive Data Report.

The center columns list the full scale primary and fan stream exhaust nozzle areas (AREA)
as well as stream total to ambient pressure ratio, (P.R.), stream temperature (TEMP), and
stream density (RHO). The ideally ¢xpanded velocity (VEL) is also presented.

The right hand columns list the full scale mass flow (MASS FLOW) and the full scale ideal
thrusts (THRUST, IDL), model size exhaust nozzle areas (AREA MOD), and mass flow (W
MODEL) of the scale models used in the test.

Below the parameter listing are the tabulated, full scale one-third octave band sound pres-
sure levels at a 45.7 m (150 ft.) polar distance under free field measurement conditions dur-
ing a standard FAA day. The center frequencies of the 24 measured one-third octave bands
from 50 Hz to 8000 Hz are listed in the left hand column. The one-third octave band sound
pressure levels for each microphone measuring angle, 60°, 75°, 90°, 105°, 120°, 130°, 140°.
150°, and 165°, at each one-third octave band are listed in the appropriate columns.

The one-third octave band power levels (referenced to 10712 watts) are listed at the extreme
right hand side of the page.

Below the sound pressure level and sound power level spectra are listed the 45.7 m (150 ft.)
radius overall sound pressure level (OSPL) for cach angle and the overall sound power level
(OAPWL). Perceived noise levels (PNL) are listed for each measuring angle at 45.7 m (150
ft.) radius, and at 60 m (200 ft.), 111m (370 ft.), 244 m (800 ft.), and 648.6 m (2128 ft.)
sideline distances at the bottom of the data sheet.
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TABLE 4-1V

SAMPLE OF ACOUSTIC DATA
(Scaled to a 1.27 m (50 in.) Equivalent Diameter Engine)

MULTIL rugE W/HOWLL EJECTOR .75 CONF 4 150.2049

""STAND X033 RIG 1D 4 TEST DATE 07/11774 ~SCALE RATIO 10.07/1  RUN NUNBER 60.01

oot-c-tttttt-t.t‘-‘ttt-tttclttattctt-tt-‘t-ottttt-t‘-t-c-llcttttl-'-ttttt!ttc..tct‘c..‘.t‘.. CERIEINENERRE VR CECIAREEESEESISRE o

. A ORINARY FAN _PRIMARY. _FAN _ PRIMARY FAN_ . PAIMARY__EAN_____..)
TEMP  93.0(F) 33.9(C) AREA  SQFT 7,78 5.84 SGM 0,723 0,542  MASS FLOW LB/S 500.3 386.3 KG/S 22649 175.2 ’
PRES 25.00IN  0.858AR  P.R. 1.56 2.50 1.54 2.50 THRUST, DL LB15941.2 28288.7 NT70909.8125033.6
WIND O TEMP (R)  753,2 1971.0 (K} 418¢4 1075.0 _ THRUST,MEA __L8 . .00 .. N . 0.0 . ,_;
WIND V 01PH  J.OM/S  RHO LB/FT3 0,060 0.025 KG/M3 0.959  0.405 AREA (MOD) SQFY 0,08 0,06 SQM 0,007 0,005
REL H 49,01 VEL FPS 1026.0 2358.0 M/S  312.7  T18.7 W (MIDEL) LB/S 5.3 3.9 KG/S 2.3 1.8 l
SRR RASUETARAPREIIE R CUBREEE AT N LU RO RKEF S ARSI TS A N RV RN A SR AR BUFEC S SU DU U R AN RS SRRk BEN [ SEXSAERSIRSEEEEEUOngLUREIIOS
FaA DAY 1/3 OCTAVE BAND ENGINE JET NOISF DATA 150.0FT RADIUS [SCALED ENGINE)
BAND
IERTER FREQ MICROPHONE ANGLES IN OEGREES ™~ " "7 7 T e PONER -
tkHZ} 60 75 99 105 120 130 140 150 165 1E-12W i
050  HB9,4 BB.5 9l.9 94.2 97.7 100.0 103,8 lu6.5 105.9 T 16241
063 90,6 92.0 92,7 95.0 98.3 L00.4 104.3 106.5 104.0 142.2
2680 91,5 9143 93,8 96e1 99.8 102.3 104.8 106.0 101.8 . 2 L4240
100 9l.l 9D.4 9448 95,5 9948 101.5 104.3 104.7 99.3 142.0
0125 92,4 Y4,6 95,5 97.5 100.7 102.4 104.4 103.9 97.9 142.4 H
Llod §2.2 91.6 9448 9841 101.2 102.5 103.5 102.7 96.2 .. 14240 <J
2200 9247 2.5 95.3 97.9 101l.6 102.5 103.0 101.8 95.0 i 141.9
2259 93,0 42,7 95.4 98.3 101.7 101.7 101.7 100.5 93.6 141.4
315 93,4 42,7 95.7 98.6 103.0 101.3 101.2 99.5 32.7 141.7 ..
W40¢  Y9.1 93,3 9648 99.8 104.2 L0L.0 LON.4 98.4 9l.b 142.2
WSC0  94.8 94,4 9746 101.1 105.6 101e4 99.9 97.4 90.5 143.1
2030 9545 95,5 9849 102.6 107.3 102.4 95.6 96.9 90.1 - I VY YT
L1000 96,0 96.4 100.3 164.3 108.6 103.2 190.0 96.3 89,4 165.7
1.00 96,4 7.5 1017 106.6 109.3 104.4 L0L.4 967 89,4 146.9
L1e25 97.0 96.9 102.3:107.3 108.8 104.3 100.7 95.9 89.1 147.0
1.60 96,8 100.1 102.6 107.5 1J8.?7 104.1 100.2 95.3 89.2 147.0
7.00 95,4 102.6 101.8 107.4 1C6.7 102.9 98.9 95.0 6B.3 14645
2,50  95.6 100.8 10L.9 108.5 106.5 103.7 100.0 95.3 33.9 _ 146,9
3.15 9345 101.0 100.6 10646 L04.% 102.46 98.0 94.4 87,7 1645.2
400  92.8 101.5 100.1 105.3 104.0 102.3 98.2 94.5 88.5 14446
5.00 9l.l 1014 95.9 104l 102.5 102.1 98.7 95.3 89.4 _ __ 1430
6,30 88,0 101.5 98.4 102.3 lu2.1 101.8 98,8 96.5 90.6 143.1
8.00 85.8 103.6 97.1 10c.1 102.3 102.6 99.0 98.5 399.6 143.7
100 1103 11.3 123 11e3 11e3 1.3 1led 11.3 1243 __ S4.0

OAPML = 157.9

OSPL  107.4 L11.% 112.5 117.3 118.6 L16.1 L15.3 Ll4e7 110.7 ‘1
PHNL L19.1 126.9 125.1 13003 130.2 127.9 125.3 122.3 116.3 L

200. SIDELINE
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4.3 ACOUSTIC DATA VALIDITY/REFERENCE CONVERGENT NOZZLE

In this section, the validity of the testing, measurement, recording, and data reduction tech-
niques used during the program is established. This was accomplished by comparing the jet
noise characteristics measured for the reference convergent nozzle with values predicted
using two new prediction methods. One method, described in Reference 10, is based on the
work of the SAE Subcommittee on Jet Noise and is intended to replace the original SAE Jet
Noise Procedures of Reference 11. Predictions using this method have shown reasonable
agrcement with measured full scale engine data, especially at the angle of peak sideline noise
which is normally located at 130 - 135°. The second method, described in Reference 5, is
part of a new procedure developed by J. Stone at NASA Lewis Research Center. Neither
prediction method has, as of yet, been accepted as a standard. Therefore, both methods
were used to predict the levels of the jet noise of the convergent reference nozzle. A com-
parison of the measured OASPL data and the two prediction procedures is shown in Figure
4.3-1 for the 90° angle. The measured results agree well with the two prediction methods. A
comparison of the OASPL directivities is shown in Figure 4.3-2. At the lower of the two jet
velocities, the data and values predicted by both methods agree over all angles. At the higher
jet velocity, the measured noise agrees well with the Stone method at all angles, while the
SAE procedure underpredicts the levels at angles aft of 130°. Comparisons of the one-third
octave band SPL spectra at 90°, 130°, and 150° are shown in Figure 4.3-3 for the two values
of velocity. At the lower velocity (Figure 4.3-3a), the data agrees well with the SAE pre-
dictions at all angles. The agreement with the Stone method is almost as good at 90° and
130°. At 150°, the Stone method overpredicts the levels at the high frequencies, but agrees
with the data in terms of peak SPL. At the higher jet velocity (Figure 4.3-3b), the data agrees
well with both prediction methods at 90° and 130°. At 150°, the data agrees much better
with the Stone method than with the SAE method. Similar results were obtained at other
high velocity, high temperature conditions. The results of these tests indicate that the Stone
method appears to predict the noise of high velocity, high temperature jets more accurately
than does the SAE procedure. Based on these comparisons, the noise data for the reference
convergent nozzle at subsonic operating conditions is considered valid.

The measured data for the reference convergent nozzle scaled to a nozzle diameter of 1.27
meter (i.c., 10 X model size) is shown in Figure 4.3-4 for all conditions tested. In this figure,
the overall noise power level (PWL) is shown as a function of ideally expanded jet velocity,
along lines of constant total tempcrature. Subsonic nozzle conditions (P, /Pa < 1.89) are
shown as open symbols, and supersonic nozzle conditions (P, /P, > 1.89) are shown as solid
symbols. At the present time, no reliable method to predict supersonic jet noise is available
so the noise levels are not compared with predicted values. However, the consistent data
trend at both subsonic and supersonic conditions suggest that equally valid data were obtained
for all operating conditions. Since the same testing and data reduction procedures were used
for the entire program, all the data obtained are considered valid.

38



§

Leenoay

OASPL ~dB AT 4.57 M {15 FT) RADIUS

|zo[—
g
|- e
=
. o . : A
' ' a
110p—- ' Lu : - 1
U- 90 : . : ]
. . . — - PP -18
. . . A ;
|- ' . - pie c1.3
10— i . ] e . :
- : - ‘ : : © mw=esSTONE - .
. . : . s : , _ PREDICTION (Ref 5}
. : . ——~—SAE .
sop— - // . : PREDICTION (REF 10}
= rd . MODEL SCALE: 0.127 M (5 IN) DIA.
0 1 A 1 | | 1 ] Lt 1 11 113
500 600 : 800 1000 1500 . 2000 Fps
| I 1 . 1 | ] I 1 | I |

150 . 200 250 300 350 400 450 500 S50 600
’ JET VELOCITY

Figure 4.3-1 Convergent Nozzle Data Compared to Two Prediction Procedures
140~
130}— 4

120 L [ d

f,’f _,""“' 398 (1307)

"
T &
Y’
”0_‘ /(

OASPL ~dB AT 4.57 M {15 FT) RADIUS

=
=
Qo
100f-
---= STONE PREDICTION (REF. &)
— — SAE PREDICTION (REF. 10)
so}—
o "
vp 1090 (1500°F)

MODEL SCALE: 0127 MI5INI DIA

mslolélLl_Lllll

100 120 140 160
INLET ANGLE ~¢

Figure 4.3-2  Convergent Nozzle Directivity Compared to Two Prediction Procedures

39



a} Vi J9BMPS (X0 7FPST l".'P' 13, T‘ lflﬂUnF. HbOOnf’

150

M0~

(a)

THIRD-OCTAVE BAND SPL
db AT 457 m {15 FT) RADIUS

\,\ ~
sol LLUERLE 1 | ) tilunt P ittt

o 90

1000 10,000 100,000
FREQUENCY ~ Hz

bl vV, - 586MPS (1923FPS), PP 1.8, T  1090°K 11500°F)
125 -———
T x

LR o

STONE PREDICTION {REF. 5)

N

105}

DATA

. N
qsL N - 150°
g . AN
N, AN
SAE PHEDICTION (REF 10} ™~

B54— ~
76 | . || i I N | (b)

-130"

nor—

THIRD-OCTAVE BAND SPL ~dB AT 4.57 M {15 FT) RADIUS

f1- 90

80 i .11 1 14 11 1 | I I N I |
1000 10.000 100,000

FREQUENCY ~Hz

Figure 4.3-3 Convergent Nozzle Spectral Data Compared to Two Prediction Procedures. Data Presented
In Model Size, 0.127m (5.0 in) Diameter :

40



895 (1160)

180 — ) 700 (800)

812 (1000}
1090 {16001
T4 = 395°K (250°F)

1wol-
E
< 160~
=
~N
-
o
=
- OPEN SYMBOLS: SUBSONIC
] CLOSED SYMBOLS: SUPERSONIC
?
s 150 b=

140 b

130 I 1 1 | | I i

600 700 800 900 1000 1500 2000 3000  FPS
! 1 | | I 1 | 1 | 1 J
200 250 300 350 400 500 600 700 800 900 MPS

JET VELOCITY

Figure 4.3-4 Convergent Nozzle Sound Power Level for all Data Points Scaled to 1.27m (50 in.)
Diameter (10X Model Size)

4.4 COANNULAR NbISE SYNTHESIS

At the onset of the SCAR studies, no procedure was available that would provide accurate
estimates of jet noise from turbofan exhausts having jet velocities in the fan stream higher
than in the primary stream. Existing jet prediction methods are applicable only to single
Jets and conventional turbofan exhausts (i.e., V; < Vp ).

In order to support the SCAR cycle studies, a simple prediction procedure was developed to
provide estimates of jet noise from turbofan exhausts having fan jet velocities higher than the
primary stream. This procedure therefore provided a base to which the reference coannular
nozzle noise data could be compared.

This procedure, based in part on the original SAE ARP 876 (Ref. 11) and NASA TMX 71618
(Ref. 5) predicts the sound power level from a coannular nozzle to be equal to the sum of
the sound power levels from two independent, single jets whose areas are the same as the

fan and primary nozzle areas, as shown in Figure 4.4-1. The operating conditions of the indi-
vidual jets are taken to be equal to the fan and primary conditions of the coannular nozzle.
To allow accurate prediction on this basis, the reference convergent nozzle was tested at all
of the primary and fan conditions of the coannular nozzle test matrix. The convergent noz-
zle test data was scaled in level to the appropriate exhaust areas, and scaled for frequency to
the equivalent circular diameters of the primary and fan nozzle areas, respectively. The scaled
data was then added logarithmically as shown in Figure 4.4-1. Typical power level predic-
tions based on this synthesized model are shown in Figure 4.4-2 for the 0.75 area ratio model.
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The predicted values of perceived noise levels (PNL) were synthesized in a similar manner

(see Fig. 4.4.1), i.e., the PNL’s of the scaled convergent nozzle data were added logarithmically
to obtain a synthesized PNL. The PNL values obtained in this manner are very close to the
values that would be determined by summing the one-third octave band noise spectra of the
convergent nozzle scaled to the fan and primary nozzle sizes and then computing PNL from
the resulting summed spectra because the primary and fan streams were close in exit area and
in equivalent circular diameter. Power level and perceived noise level predictions based on this
synthesis procedure can be obtained for both the 0.75 and 1.2 area ratio coannular nozzles

at any of the nozzle operating conditions by applying the method illustrated in Figure 4.4-1

to the convergent nozzle data contained in Appendix A.
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5.0 RESULTS AND DISCUSSION

The acoustic and aerodynamic results obtained during the program are presented in this sec-
tion, along with a discussion of the potential impact these results have on AST engine cycle
studies. The results are generally presented over a partial range of conditions which illustrate
the important characteristics and conclusions. The complete acoustic and aerodynamic data
(model size and scaled 10X to engine size) are contained in the Comprehensive Data Report,

- NASA CR-134910.

5.1 ACOUSTIC RESULTS

The tests of the various suppressed and unsuppressed nozzle configurations produced a large
amount of acoustic data which characterizes the noise emission of the models over a wide
range of operating conditions. In the following sections, a description of the important noise
features of the various configurations is presented. The noise characteristics of the models
tested are presented in terms of peak perceived noise level, perceived noise level directivity,
one-third octave band sound pressure and power spectra, and overall power level; as neces-
sary to describe and document the noise of the various nozzle configurations both on an ab-
solute basis and relative to each other and to the reference configurations. Appendix I con-
tains a complete listing of acoustic power and perceived noise level directivity for all testing
conditions. The following topics are discussed: unsuppressed coannular nozzles, fan stream
suppressors, effect of ejectors and data correlations. All of the noise data are scaled to a
1.27 m equivalent nozzle diameter (10 times the model linear size) and extrapolated to

648.6 m sideline distance to typify an AST propulsion system at a sideline take-off condi-
tion.

6.1.1 Unsuppressed Coannular Nozzles

The measured acoustic data from the 0.75 and 1.2 area ratio unsuppressed coannular noz-
zles serve a dual purpose. First, it provides a base of new information characterizing the
basic noise emission of a DBTF exhaust system. Secondly, it provides reference noise charac-
teristics with which to compare the results obtained from the various fan stream suppressor

configurations.
5.1.1.1 Measured Characteristics

Since the fan stream jet tends to control the total measured jet noise for most of the test.
range, ideally expanded fan jet velocity was selected as the main parameter for presentation
of the acoustic data. The perceived noise level (PNL) at the angle of peak noise level is
shown in Figure 5.1-1 as a function of ideally expanded fan jet velocity, for fixed values of

fan stream total temperature, and fixed primary jet total temperature and velocity. Thisis .

typical of the data obtained at the various primary operating conditions, showing the influ-
ence of the fan jet velocity and temperature on the measured noise. The data are well be-
behaved, as evidenced by the smooth shape of the curves fit through the data points. It

should be noted that the curves tend to converge to a single curve as the fan jet velocity de- .

creases to levels below that of the primary jet velocity. This behavior indicates that the
controlling noise mechanism transfers from the fan jet to the primary jet. Figure 5.1-2

shows the effect of primary stream velocity on the peak PNL for three values of fan velocity.
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At the lowest fan velocity, an increase in primary velocity causes a rapid increase in noise,
indicating little influence of the fan stream on the noise. At the two higher fan velocities,
the effect of increasing primary velocity is less significant, especially at primary velocities be-
low 400 mps. A point of interest in this figure is that the noise at the highést fan velocity
(853 mps) is affected by primary velocity in the range of 400 - 550 mps. Since the noise at
V¢ = 314 mps is completely dominated by the primary jet, it could be considered a floor
level primary stream jet noise. As this primary stream noise is 10 dB or more below the
noise levels at V¢ = 853 mps for V, below 550 mps, the:primary jet noise would not be ex-
pected to cause changes in the noise at the high fan velocity if the streams generated noise
independently as assumed in the synthesis. A conceptual model of noise generation for co-
annular jets having V¢ > V) shows that this behavior is related to the unique mixing of the
primary and fan jets associated with the inverted velocity profile jet exhaust. A detailed
description of the conceptual model is presented in Section 5.1.1.2.
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The directivity characteristics of the data are illustrated in Figure 5.1-3, which shows PNL
as a function of measuring angle for a series of fan jet velocities. The noise level varies con-
tinuously with angle at all velocities, and the directivity shapes are the same for all velocities
at angles aft of 90°. The slight change in directivity shape at angles forward of 90° at the
two higher velocities compared to the two lower velocities is due to the presence of shock
noise at the supersonic pressure ratios (Pt/Pa > 1.89).
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One-third octave band spectra at the 140° angle (the angle at which jet noise normally is a
maximum) are shown in Figure 5.1-4 for six different combinations of primary and fan velo-
cities. These spectra show some of the unique noise characteristics of coannular nozzles
operating with velocity ratios (Vf/V ) less than 1.0 and greater than 1.0. Curves A, B, and C
show the effect of increasing pnmary velocity for a relatively low fan velocity. The spectra
are similar to those generated by standard turbofan exhaust jets Ve<V,), and the noise
level increases with increases in .primary velocity. Curves D, E, and F show the effect of in-
creasing primary velocity for a high fan velocity. First, comparing Curve D'to Curve A (con-
stant primary velocity), it is seen that the noise spectrum undergoes a radical change as the
fan velocity increases. The spectrum in D is much higher in level, and more significantly,
has a shape differing considerably from the spectrum in A. The “spike” in the spectrum is a
shock screech tone possibly due to the underexpanded supersonic fan flow. Such tones are
normally present in model tests at these conditions but not present in full scale engine noise
spectra because of the physical non-uniformities that exist in full scale engines. By fairing a
smooth curve through the spectrum to edit out the extraneous shock tone, the peak fre-
quency of the broadband noise is seen to occur at 500-600 Hz. This peak frequency is cha-
racteristic of a jet with a smaller diameter than that of a circular nozzle having either the

fan or primary nozzle area. This feature is true of all operating conditions where the fan jet
velocity is much larger than the primary jet velocity. Its presence can be explained by the
annular shape of the fan exhaust which produces a jet with a much smaller characteristic
dimension than an equivalent circular jet (i.e., annular height rather than equivalent diame-
ter). Further, this implies that the noise of the annular fan jet is dominated by the mixing
process occurring in the nozzle flow field where the fan jet is still annular rather than after
it mixes with the primary stream to form a single jet further downstream. As shown by
comparing curves D and E, an increase in primary jet velocity caused an increase in the low
frequency end of the spectrum with little change at the higher frequencies. This implies that
the annular fan jet noise generation is relatively unchanged, but the contribution from the
downstream jet resulting from mixing of the fan and primary jets is increased because of an
increase in the mixed velocity.

At a still higher primary velocity (Curve F), the spectrum remained similar to a single jet at
high velocity. The noise at high frequencies from the annular fan jet is no longer present as
a specific peak since it has now merged with the primary flow to produce a spectrum cha-
racteristic of a single jet.

The spectral characteristics of the data, when the fan to primary area ratio is increased to
1.2, is shown in Figure 5.1-5. These spectra follow the same basic trends observed with the
lower area ratio nozzle. A direct spectral comparison of the two area ratios is shown in
Figure 5.1-6. This comparison shows two effects. First, the 1.2 area ratio produces slightly
higher broad-band noise levels due to the larger fan area. Secondly, a shock screech tone
present in the 0.75 area ratio model is not present in the larger area ratio spectra. This dif-
ference in shock tone behavior is typical of the intermittent nature of shock screech tones.
It should again be noted that shock screech tones are not normally present in full scale en-
gine noise spectra. The spectral characteristics of the noise from the unsuppressed coannular
nozzle, for conditions where the fan jet is of much higher velocity than the primary jet, be-
come extremely important for understanding large differences between measured and pre-
dicted jet noise levels for the duct burning turbofan (DBTF) type of nozzle.
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The unsuppressed coannular nozzle was also tested to investigate the possibility of tempera-
ture shielding on the jet noise of a DBTF exhaust. The temperature shielding concept em-
ploys a low velocity hot annulus of flow surrounding a higher velocity cooler central jet. To
accomplish this, nozzle operating conditions were selected to produce a cold supersonic pri-
mary stream and a hot subsonic fan stream for a controlled experiment in which the fan jet
noise would be substantially lower than the noise from the primary (or central) jet.

Results of the temperature shielding tests are presented in Figure 5.1-7a illustrating the
OASPL directivity at a constant primary jet velocity (593 mps) and fan velocity (366 mps)
for a range of fan temperatures (395°K to 1090°K). If a temperature-shielding effect were
present, the noise at the aft angles should decrease with increasing fan temperature. However,
the reverse is seen to be true. The hotter fan temperatures result in slightly higher noise
levels than observed with cooler fan stream conditions over the range of surveyed angles.
The spectral comparison presented in Figure 5.1-7b further illustrates this magnification ef-
fect. While the broadband portion of the spectra is essentially unchanged, indicating that a
temperature shielding effect is not present, the shock tone from the primary jet is seen to
vary considerably with fan temperature and is the basic cause of the OASPL increasing with
temperature. These test results indicate that the temperature of the secondary stream has
an important effect on the shock noise of the primary stream, but is ineffective in reducing
the jet mixing noise generated by a central jet.
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5.1.1.2 Measured Versus Synthesis

In order to assess the effects of the interaction of the coannular flows on noise generation,

the measured noise characteristics are compared to those obtained by the synthesis described
in Section 4.4. A comparison of the measured and synthesized power levels for the 0.75 area

ratio unsuppressed coannular nozzle is presented in Figure 5.1-8a. The difference between

the measured and synthesized power levels is shown as a function of fan jet velocity and tem-

perature. A most important feature of DBTF type unsuppressed coannular nozzle jet noise
is illustrated in this plot; the measured levels are substantially lower (up to 8 dB) than the

predictions based on the synthesized model. Suppression was observed to exist at all primary

stream conditions with the level of suppression decreasing at the higher values of primary

velocity. Appendix I contains the data necessary to compare measured and synthesized levels

at other operating conditions. This suppression effect enhances the potential of the DBTF
cycle for SST application, since actual noise levels are substantially lower than those based

on earlier prediction methods.

A similar comparison of synthesized and measured power levels was made for the 1.2 area
ratio unsuppressed coannular nozzle as illustrated in Figure 5.1.8b. Comparisons of mea-
sured and sythesized spectra produced results similar to the 0.75 area ratio case, although
the larger area ratio nozzle produced slightly less suppression relative to the synthesis. In a
later section of this report (5.1.4), the noise power level data from all operating conditions

at which both the unsuppressed coannular nozzles were tested are seen to correlate well after
applying normalizing factors related to fan stream temperature, fan to primary velocity ratio

and exhaust nozzle area ratio.
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Noise power level represents the total noise generated, but for evaluating its impact on air-
craft mission studies, the perceived noise level (PNL) is the widely accepted unit. Therefore,
the difference in measured and synthesized coannular noise levels for both area ratio nozzles
is presented as a APNL at the respective angles for peak noise on a 648.6m sideline in Figure
5.1-9. Although some change in curve shape is seen relative to the previous PWL comparisons
(Figure 5.1-8), the major trends remain the same. Measured PNL reductionsof up to 9~ -
PNdB occur compared to the coannular synthesis. Similar comparisons for other operating
conditions can be obtained from the data contained in Appendix L. S
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Figure 5.1-9 PNL Reduction of Coannular Unsuppressed Nozzles When Compared to Synthesized
Values, Scaled to 1.27m (50 in.) Equivalent Diameter

The synthesized and measured PNL directivitics are shown in Figure 5.1-10 for supersonic
and subsonic fan jet velocities. In both cases, the actual measurements are less than the pre-
dicted value for all angles, although in the subsonic fan velocity case, the reductions are much
larger in the aft angles. This observation is true for all cases tested. The data contained in the
appendix can be used to construct the comparisons at any operating conditions tested. The
reason for the different behavior at subsonic and supersonic fan stream conditions can be ex-
plained with the aide of the spectral comparisons of Figure 5.1-11. The subsonic case (Vg=
457 mps) shows large reductions in the measured low frequency noise of the coannular noz-
zle relative to the synthesis at 140°; while at 90° and 60°, the measured spectra show small
reductions at low frequencies, with the higher frequencies at about the same level. Since the
PNL’s at 90° and 60° are controlled by the high frequencies, the resulting PNL differences
are slight. However, at the supersonic fan velocities (V¢ =564 and 625 mps), the results are
substantially different. At 90° and 60°, the measured low frequency noise is significantly
lower than the synthesis. This result is due to a reduction in the shock noise which dominates
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at the side and forward angles. At 140°, large reductions in low frequency noise similar to

the subsonic case are present. Since at this angle, mixing noise dominates over shock noise,
the agreement between the subsonic and supersonic cases is not unexpected. The spectral

results shown here were repeated at the other operating points where V¢ > Vp.
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The spectra shown are scaled to a full size engine having linear dimensions 10 times the
model size. The mode] data at frequencies below 500 Hz (below 50 Hz full-scale) is not
présented in the spectral plots of Figure 5.1-11 since 50 Hz is the lowest frequency of in-
terest in aircraft noise measurements. In order to compare the behavior of the spectra at
very low frequencies, the measured model acoustic-power spectrum is compared to a syn-
thesized model spectrum in Figure 5.1-12. From this comparison, it can be seen that the
measured and synthesized spectra agree at the very Jow frequencies. Thus, it appears that
the synthesis method provides a reasonable prediction of the coannular noise for Vf/Vp >1

only at very low and very high frequencies, and significantly overestimates the noise in the

middle frequency range.
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The measured coannular nozzle noise characteristics can also be related to the noise that
would be generated if the fan and primary streamns were fully mixed prior to leaving the en-
gine. To make this comparison, valucs of fully mixed velocity and temperature were calcu-
lated from the conditions of the primary and fan stream. The noise power level for this
ideally mixed jet was determined from the measured convergent nozzle data. Figure 5.1-13
illustrates the results of the PWL spectra comparison. As shown, the mixed jet is considerably
noisier in the frequency range up to 500 Hz, and slightly quieter at the higher frequencies.
The spectral shapes of the mixed and unmixed cases are quite different.
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Figure 5.1-13 Comparison of Coannular Unsuppressed Nozzle (0.75 Area Ratio) Noise With Noise From
Fully Mixed Jet, Scaled to 1.27m (50 in.) Equivalent Diameter

A comparison of peak perceived noise level (PNL) of the measured coannular nozzle and
fully mixed jet is shown in Figure 5-1-14. At a high fan stream temperature (Figure 5.1-14a),
the unsuppressed coannular nozzle is significantly quieter than the mixed jet at all fan ve-
locities. At this temperature, the fan jet velocity is always much greater than that of the pri-
mary jet. At alow fan stream temperature (Figure 5.1-14b), the coannular nozzle noise
levels are lower than the mixed jet at the high fan jet velocities. At low fan velocities, the
noise levels of the coannular and single jet are equal where the fan velocity is equal to or
lower than the primary velocity.

Comparisons of the unsuppressed coannular nozzle noise characteristics with the synthesis,
and also with a fully mixed jet, suggest that the coannular nozzle, having V¢>V, behaves
in the following manner. The high velocity annular fan jet, upon exiting from the fan nozzle,
begins mixing with the outside ambient air and with the low velocity primary jet. The noise
generation in this initial region is dominated by the outer annular fan exhaust shear layer
mixing with the ambient air, (due to the larger velocity difference present across the outer
shear layer as compared to the inner shear layer). Since the coannular nozzle outer diameter
is only slightly larger than the equivalent circular jet, the high frequency noise should behave
approximately the same in both cases. The large low frequency noise reduction is ascribed
to the rapid mixing and velocity decay of the annulus caused by the mixing in both the outer
and inner shear layers. The rapid mixing causes a reduction, compared to a single jet, in the
velocity of each flow volume contributing to the noise at a particular frequency in the spec-
trum.
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It is precisely this low frequency noise reduction that causes the spectrum to peak at the
higher frequency associated with a characteristic dimension related to the fan annulus height
rather than to the larger dimension corresponding to either the fan or primary jet diameters.
Figure 5.1-15 helps to illustrate this point. Pressure and temperature profiles were measured
downstream of the coannular nozzle with calibrated probes. The velocity profile was calcu-
lated from the measurements and compared with the initial profile at the nozzle exit. Note
that a large reduction (20%) in fan jet peak velocity has occurred. Also shown is‘a typical
velocity profile from single jet data, measured at a comparable downstream axial station.
The peak velocity shows no reduction from its initial value. These velocity measurements
in the flow identify more rapid mixing and velocity decay of the annular fan jet compared
to the equivalent circular jet. The result of this enhanced velocity decay is that the DBTF
cycle, with the fan jet velocity higher than that of the primary jet, possesses inherent noise
benefits due to the annular nature of the fan exhaust.
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A lower limit of noise that could be produced by the coannular nozzle with Vf >V, can
also be identified from the conceptual model of coannular jet behavior. This lower noise
limit is based on the fact that the jet resulting from the mixing of the fan and primary
streams has a level of velocity between the original primary and fan exit velocities. Since

the fan jet decays axially, the primary stream must actually increase in velocity via a momen-
tum exchange with the fan stream. Thus, the final mixed jet has both a velocity and a cross
sectional area greater than the primary jet at the nozzle exit. This implies that the noise pro-
duced by the coannular nozzle can never be lower than the noise that would be produced by
the primary jet alone. ]

5.1.2 Fan Stream Suppressors ' | ¥

In the previous section (5.1.1.2), it was shown that the unsuppressed coannular nozzle was
significantly quieter than predictions based on the synthesized model. In this section, data
are presented showing that additional noise reductions can be obtained by the use of various
fan stream suppressors with and without a flight type ejector.

The fan stream suppressors tested were selected to be representative of suppressor types that
could be used on an advanced supersonic transport. The design process led to the selection
of three basic suppressor types; multi-tube, convoluted and finger. The multi-tube and con-
voluted designs were selected to achieve high and moderate degrees of suppression, respec-
tively, while the finger type represented a mechanically simple concept providing a degree of
suppression between the other two. All of the configurations were sized with a fan to pri-
mary area ratio of 0.75 with the exception of the convoluted suppressor which was also
sized to have a fan to primary area ratio of 1.2. -
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5.1.2.1 Multi-Tube Suppresor Nozzle

The reductions in the perceived noise level produced by the multi-tube suppressor relative to
the measured unsuppressed coannular nozzle noise levels and to the synthesized levels are
shown in Figure 5.1-16 for the full range of fan jet conditions and a representative primary
velocity. Data for other primary velocities are contained in the appendix. The following
trends can be derived from this data:

Suppression increases with fan velocity at constant fan temperature

Suppression decreases with increasing fan temperaturé at constant velocity

Maximum suppression obtained for a hot fan stream temperature was 7 PNdB
relative to the reference coannular nozzle, and up to 14 PNdB relative to the
synthesized levels.
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5.1.2.2 Finger Suppressor Nozzie

The suppression obtained by the use of the finger suppressor is shown in Figure 5.1-17. It
is seen that the trends are similar to those for the multi-tube suppressor, except that the
noise reductions are slightly lower.

5.1.2.3 Convoluted Suppressor Nozzle

The behavior of the convoluted suppressor is illustrated in Figure 5.1-18. The data behaves
in a similar manner to the other suppressors, but as anticipated, the suppression is somewhat

lower.
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The effect of fan to primary nozzle area ratio on the noise characteristics of the convoluted
suppressor is shown in Figures 5.1-19, 5.1-20 and 5.1-21. The peak PNL suppression of the
two convoluted suppressors is presented in Figure 5.1-19, relative to their respective unsup-
pressed nozzles and also to the synthesis. As shown, the suppression of the two configura-
tions is essentially the same over the range of test conditions. Thus, the suppression with the
convoluted suppressor is insensitive to area ratio between 0.75 and 1.2. PNL directivities for
one condition are shown in Figure 5.1-20. The directivity shapes follow the same general
trend with the 1.2 area ratio levels being slightly higher because of the larger fan jet area.
Spectral comparisons are shown in Figure 5.1-21 for two angles. At 140°, a slight shift of
the high frequency peak (around 1000 Hz) to lower frequencies can be associated with the
larger characteristic dimensions of the 1.2 area ratio convolute (i.e., the 1.2 fan exhaust is
larger and contains the same number of convolutes). At 90°, this trend (around 1000 Hz) is
also present. The spectra were not normalized to correct for the effect of different fan and
primary areas existing on the 0.75 and 1.2 area ratio configurations as the conceptual model
of noise generation presented earlier suggests that different corrections would be necessary
to correct the noise at different frequencies.
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5.1.2.4 Suppressor Comparisons

A direct comparison of the suppression obtained from the three suppressor configurations
is shown in Figure 5.1-22 as a function of fan velocity for two fan temperatures. As
illustrated, the three concepts represent different levels of suppression which must be
weighed against the mechanical complexity of those designs.
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The directivity pattern

s for the three suppressors are shown in Figure 5.1-23 for two -

different fan temperatures. The trend of increasing suppression from convoluted to finger
to multi-tube, is seen to be reasonably consistent at all angles for both operating condltlons,
with the hlghest suppression occurring from 140 to 150° on a sideline basis.
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The SPL spectral characteristics of the suppressors at angles of 90° and 140° at the two.

fan temperatures are shown in Figure 5.1-24. The previously observed trend of increasing
suppression in going from convoluted to finger to multi-tube suppressors can now be
interpreted in terms of measured spectral changes. The spectra at the 140° angle, in Figure
5.1-24b and d is used for the interpretation, since the low and high frequency components
of the noise are separated in frequency. At mid frequencies, between 500 and 2000 Hz, the
noise reductions are due to the improved mixing rates of the three suppressors causing more
rapid velocity decay of the annular fan jet. The smaller reductions at lower frequencies re-
sult from the lower velocity annulus mixing with the low velocity primary jet and producing
smaller reductions in the effective velocity of the downstream mixed single jet compared to
the reductions in the annulus velocity. The small changes in peak frequency (near 1000 Hz)
are related to the different characteristic dimensions of the suppressor elements (i.e., 18 con-
volutes, 32 fingers, 44 multi-tubes). The greater the number of elements, the smaller the
characteristic dimension, and thus the higher the characteristic or peak frequency. The pre-
sence of double humps in the spectra at 140° compared to the broad simple spectra at 90°

is similar to the results from turbojet suppressors, as in references 12 and 13.

o ° o
a) Tpp = 1090°K (1500°F), 6 =90

120~

o
TTP =« 812K (1000 F}

VP - 427 MPS 11400 FPS)
L v, © 707 MPS (2320 FPS)

UNSUPPRESSED
CONVOLUTED COANNULAR

110

'IOOF-

80 A1 1 !

100 1000 10000

THIRD-OCTAVE BAND SPL ~dB AT 45.7M (150 FT) RADIUS

FREQUENCY IN HERTZ

bl TTF = 1090°K (1500°F), @ = 140°

120 r_ COANNULAR CONVOLUTED
UNSUPPRESSED

MULTI-TUBE FINGER \
100 P

(150 FT) RADIUS

o o
Tip= 812 K {1000 F)
90— VP = 427 MPS {1400 FPS)

Vg = 707 MPS (2320 FPS )

THIRD OCTAVE BAND SPL ~dB AT 45.7M

80! ! | 1 1 1 L I |
100 1000 10000

FREQUENCY IN HERTZ

Figure 5.1-24 Spectral Comparison of Coannular Nozzles, 0.75 Area Ratio, Scaled to 1.27m (50 in.)
~ Equivalent Diameter

63



o o o
o Tig - 700K (8OO FI. 0 90
120p—

COANNULAR
UNSUPPRESSED

%3
i, 2 nor= CONVOLUTED,
[
“ o
ac
H A o o~
w T 0 S Ll
H E 100 (/"-—_--_—‘.-l-—.:—-:—.:}"’"" TN ;-
= 7232 ™ FINGER ~
85 o MULTITUBE A
? i
g5
I 9o o
o N
=¥ Top + 812K {1000°F)
Vp = 427 MPS 11400 FPS)
Ve 572MPs (1875 FPS)
80 1 | |
1000 10000

100
FREQUENCY IN HERTZ

° o o
d} Typ = 700K (800°F), § = 140
120 =

COANNULAR
CONV
UNSUPPRESSED OLuTED

10— [N N L

MULTI-TUBE \
100~

o o
Tip - 812K (1000°F)
VP < 427 MPS {1400 FPS)

€0
VF -~ 672MPS (1875 FPS)

80 1 L . . 1
100 1000 10000

FREQUENCY IN HERTZ

THIRD-OCTAVE BAND SPL ~dB AT 45.7M {150 FT) RADIUS

Figure 5.1-24 Spectral Comparison of Coannular Nozzles, 0.75 Area Ratio, Scaled to 1.27m (50 in.)
Equivalent Diameter { Concluded )

Examining the effect of primary velocity on the absolute PNL noise levels and the A PNL
suppression provides a better understanding of the relative importance of fan and primary
velocities. Figure 5.1-25 shows the PNL level in terms of primary velocity for the multi-
tube and finger suppressors. It is clearly shown that the noise level is essentially constant
when V, is low relative to Vg, and increases with increasing V., as V., approaches Vy.
Similar characteristics are seen for the convoluted suppressor with both the 0.75 and 1.2
area ratio nozzles, as illustrated in Figure 5.1-26.

An interesting feature is noted in the noise characteristics of the 0.75 area ratio convoluted
suppressor in Figure 5.1-26. The noise at V¢ = 853 mps shows approximately a 2 PNdB
increase when V., increases from 425 to 520 mps, even though V¢ is appreciably greater
than V_. The explanation for the higher observed noise levels is that the jet noise for co-
annular nozzles having V¢ >V is composed of high frequency noise generated by the con-
voluted annular fan jet plus low frequency noise generated by the downstream merged jet.
At V¢ = 853 mps, the annular jet noise dominates at the lower V,, as evidenced by the con-
stant noise level at the two lower values of primary velocity. The increase in noise caused
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by the still highier values of primary velocity is due to the merged jet noise becoming domi-
nant over the annular jet noise. The increases in noise level can then be explained by the
fact that the merged jet noise is dependent upon the merged jet velocity, which is higher
than the primary jet velocity.
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5.1.3 Effect of Ejectors

Turbofan engines that power supersonic aircraft may incorporate ejectors in the exhaust sys-
tem to provide high performance at all operating conditions. Thus, an important aspect of
this program was to determine the effect of both hardwall and acoustically treated ejectors
on the noise and performance characteristics of the various nozzle configurations. In this
section, the effect of the ejectors on the noise characteristics is described.

5.1.3.1 Unsuppressed Coannular Nozzle With Ejectors

The effect of the hardwall and treated ejectors on the peak PNL of the 0.75 area ratio un-
suppressed coannular nozzle is shown in Figure 5.1-27. A slight (< 1 dB) reduction was ob-
tained by adding the hardwall ejector. The presence of acoustical treatment in the ejector
produced a small amount of additional suppression. Across the test range, 2 PNdB or less
+otal suppression was obtained. Since the unsuppressed coannular nozzle results described
earlier indicated that the high frequency noise was generated in the fan annular exhaust

near the nozzle exit and the low frequencies in the mixed jet downstream, some shielding
suppression of the high frequency noise was expected by addition of the ejector, and further
reduction is consistent with the addition of acoustic treatment. The effect of the ejectors
on PNL directivity is shown in Figure 5.1-28. Little difference exists in the directivity shapes,
although a slight reduction at 140-150° is seen for the ejectors cases. The spectral compari-
sons in Figure 5.1-29 show an interesting effect of the hardwall ejector. At 140°, a large
reduction in the SPL at high frequencies is seen, while at 90°, the high frequency levels show
a slight increase. The treated ejector provides a moderate reduction in high frequency at all
angles. The power spectra comparison shown in Figure 5.1-30 illustrates that the hardwall
ejector causes only minor changes to the noise generation while the addition of treatment re-
duces the noise at high frequencies.
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5.1.3.2 Multi-Tube Suppressor With Ejectors

The peak PNL of the multi-tube suppressor with and without an ejector is presented in
Figure 5.1-31. The hardwall ejector provides a small reduction in peak PNL at most of the
operating conditions while the addition of acoustic treatment causes more significant re-
ductions (i.e., 4 PNdB at the lower fan velocities and 3 PNdB at higher fan velocities).
Figure 5.1-32 displays the PNL directivity for two fan stream velocities. At the lower fan
velocity (Fig. 5.1-32a), the hardwall ejector causes large reductions at aft angles and little
change at the side and front angles. The treated ejector provides only slightly more re-
duction at aft angles, but more significant reductions at side and front angles. At the higher
fan velocity (Fig. 5-1-32b) the noise reduction due to the ejectors is approximately the same
at both front, side, and aft angles.
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The corresponding spectral comparisons shown in Figures 5.1-33 are used to explain this be-
havior. One-third octave band SPL spectra at 90° and 140° and power spectra for the multi-
tube nozzles are shown in Figure 5.1-33 for the lower fan velocity. At 90° (Figure 5.1-33a)
the hardwall ejector causes a 2 dB reduction in the low and mid frequency range, and a 1 dB
reduction at high frequencies. At 140° (Figure 5.1-33b), however, a large reduction in high
frequency noise can be seen. The addition of treatment causes further reductions at high
frequency at both angles, but no additional reductions at low frequency. The large angular
variation in hardwall ejector attenuation is believed to be caused by refraction of the high
frequency noise generated within the ejector and reflected from the ejector walls as it passes
through the shear layer emanating from the ejector lip. This phenomenon is similar to the
shear layer refraction present during open jet wind tunnel tests (Ref. 14). Similar directivity
effects have also been observed in recent tests by the Boeing Company (Ref. 15). The low
frequencies are unaffected since they are generated downstream of the ejector. To define the
changes in radiated acoustic power caused by the ejector, the noise spectrum was integrated
across all measuring angles to obtain the noise power spectrum shown in Figure 5.1-33c. The
power spectra remove the refraction phenomenon, which is a directivity effect. This com-
parison clearly shows two effects. First, the hardwall ejector produces from 2 to 5 dB reduc-
tion across the spectra, which can be explained by source strength reduction due to the re-
duced relative velocity between the jet and the ejector induced flow. Secondly, the presence
of the acoustical treatment causes no further reduction in the low frequency portion of the
spectrum up to 400 Hz, but increasing amounts of suppression from 400 Hz to 10000 Hz.
This is consistent with the design goal of the treatment, which was selected to provide broad
band attenuation down to scaled frequencies of about 400 Hz.

70




THIRD-OCTAVE BAND SPL ~ dB AT 45.7M (150 FT.} RADIUS

THIRD-OCTAVE BAND SPL: ~dB AT 45.7M (150 FT.| HA:DIUS

THIRD-OCTAVE BAND PWL ~ dB re 1012 WATTS

Figure 5.1-33 Effect of Hardwall and Treated Ejectors on Noise Spectra of Multi-Tube Suppressor at a

st SPL AT 0 - 90° Tip s RIZ K {1000 F)

Vp 42 MPS (1400 FPS)

20 Tre: 1090k (15007F)
r VF = 707 MPS (2320 FPS)
10 =
NO EJECTOR
WITH HARDWALL
EJECTOR
100 r—
WITH TREATED N
%0 [— £JECTOR
B0 [] J 1 - . I 1 H J
100 1000 10000
FREQUENCY IN HERTZ
. bl spL AT O 1407
120 g
NO EJECTOR
nor—
WITH HARDWALL
EJECTOR
100 f—
..\L —
-
sof- e
WITH TREATED
EJECTOR
" 1 ! 1 L I ! |
100 1000 10000
FREQUENCY IN HERTZ
o PWL
160 poe-
NQ €JECTOR
1504—
Y
140 e . WITH HARDWALL
“-.  EJECTOR
WITH TREATED -,
130|= EJECTOR
120 i l 1 1 | 1 I i
100 1000 10000

FREQUENCY IN HERTZ

Fan Velocity of 707 mps (2320 fps), 0.75 Area Ratio, Scaled to 1.27m (50 in.) Equivalent :

Diameter

71



Comparisons of the SPL spectra at 90° and 140°, and the power spectra, are shown for a fan
velocity of 850 mps in Figure 5.1-34. The effect of the ejectors is similar to the effect in the
previous case at the lower fan velocity. However, at the higher fan velocity, more noise exists

in the low and mid frequen

cy range (<500 Hz) relative to the noise at high frequencies. The

ejector treatment (which attenuates only the high frequency noise generated by the annular
fan jet close to the nozzle exit), therefore, is less efficient in reducing the no_ise.,
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5.1.3.3 Fingér Suppressor With Ejectors

The effect of the ejectors on the noise reduction characteristics of the finger'.suppressors is
essentially the same as for the multi-tube suppressor. The effect on peak PNL, shown in
Figure 5.1-35, indicates a slight reduction due to the hardwall ejector (1 PNdB) while the
addition of acoustical treatment produces a varying reduction ranging from 3 PNdB at low
fan velocities to nearly zero at the higher velocities. The PNL directivity, as illustrated in
Figure 5.1-36a, for a fan velocity of 707 mps shows reductions at aft angles for the hardwall
ejector, and small additional suppressions at all angles due to the treatment. At Vg =850
mps, Figure 5.1-36b, the hardwall ejector shows noise reductions similar to those at the lower
fan velocity, but the treated ejector produces no further noise reduction.
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The SPL and power spectra comparisons at the lower fan velocity presented in Figure 5.1-37
show the same general characteristics as those exhibited by the multi-tube suppressor. In
particular, a large reduction in the SPL at high frequencies at rear angles, caused by addition
of the hardwall ejector, and consistent high frequency reductions at all angles due to the
treatment. Comparisons of the SPL spectra at 90° and .140°, and the power spectra for
VE= 850 mps are presented in Figure 5.1-38. As was the case with the multi-tube suppressor
at this high fan velocity, the noise generated by the merged jet is much higher than for the
lower fan velocity case and dominates the entire spectra. Thus, at the high fan velocity, the
gjectors have negligible effect on the total noise. It is noted that the addition of treatment
to the ejector provides no attenuation even at high frequencies. This result is different from
the effect of the treated ejector on the noise of the multitube suppressor shown previously
in Figure 5.1-34. The explanation for this different behavior lies in the amount of merged
jet noise compared to the noise generated in the annular fan exhaust close to the nozzle exit
illustrated in Figure 5.1-39.

The PWL spectra for the finger and multi-tube suppressors with hardwall ejectors at 707 mps,
illustrated in Figure 5.1-39a, shows the merged jet noise spectra extrapolated to higher fre-
quencies assuming a typical jet noise spectrum shape. The spectrum is therefore consistent
with the noise that would be generated by a single jet exiting a circular nozzle at the merged
jet condition. This “floor level” noise is below the SPL level of the high frequency noise ac-
tually generated by both suppressors. As the multi-tube case has a much lower merged jet
noise, and therefore a lower “floor level’ noise, the ejector treatment should provide more
attenuation than for the finger suppressors as can be seen by comparing Figures 5.1-33 and
5.1-37. The effect of increasing the fan jet velocity to 850 mps is illustrated in Figure 5.1-39b.
In this case, the merged jet spectrum extrapolation for the finger suppressor falls very close
to the measured spectra, indicating that the merged jet noise dominates the noise over the
entire frequency range. However, the same extrapolation of the merged jet noise of the mul-
ti-tube suppressor falls below the level of the suppressor generated noise. Thus, the applica-
tion of the treatment would be expected to provide attenuation at the high frequencies for
the multi-tube suppressor, but not for the finger suppressor.

75



“
2 » SPL AT G 90°
a8
130
z [~ Typ = 812 11000°F)
v Vp * 427 MPS (1400 FPS)
s Trg = 1000K (1500°F)
"0
= Vj. = 707 MPS (2320 F
E 120 = F (2320 FPS)
g
- WITH HARDWALL
« EJECTOR
? 10—
a NO EJECTOR A
"
a
2
F;
w 10op
2 WITH TREATED
= EJECTOR
€ o - L I
I 100 1000 10000
=
FREQUENCY IN HERTZ
120~ b} SPLATO = 140°
o NO EJECTOR

S
I

g

2 N\ WITH HARDWALL
€ 100 o YR EJECTOR

- “o =N\

I AN

- N

3 ., Veno”

st

WITH TREATED *,
EJECTOR .

-3
!

o~

THIRD-OCTAVE BAND SPL ~dB AT 45.7M

. 1 1 1 1 i ) 1
00 1000 16000

FREQUENCY IN HERTZ

,E 160 o WL

2

™~ T WiTH HARDWALL

= ™ NO EJECTOR ¢ iccron

S 150 |—

2

e

s | =Dl -

e .

-l 0

E 140 L— .

a WITH TREATED EJECTOR

z

<

@

w

>

o< 130 P~

=

Q

©

&

x

I

F 0 1 i .
100 1000 10000

FREQUENCY IN HERTZ

Figure 5.1-37 Effect of Hardwall and Treated Ejectors on Noise Spectra of Finger Suppressor at a Fan Velo-
city of 707 mps (2320 fps), 0.75 Area Ratio, Scaled to 1.27m (50 in. ) Equivalent Diameter

76



a) SPL AT H=90°

1o
Vp, = 427 MPS (1400 FPS}

Typ = 812K {1000°F)

Vg = BS0 MPS (2800 FPS)

Trg = 1090K (1500°F)

8
S

TREATED HARDWALL
EJECTOR EJECTOR

NO EJECTOR

THIRD-OCTAVE BAND SPL ~
dB AT 45.7M (150 FT.) RADIUS

2 [a} l I l
100 1000 10000

FREQUENCY IN HERTZ

b} SPL AT 0= 140°

T

120—~

NO EJECTOR

THIRD-OCTAVE BAND SPL ~
dB AT 45.7M {150 FT.) RADIUS

10}
/)\..,{ TREATED
L EJECTOR
HARDWALL e .
EJECTOR S
100}-
20 1 ] .
100 1000 10000
FREQUENCY IN HERTZ
o PWL
170p—
E
<
=
o NO EJECTOR
2 1e0f-
-
3
@
-
4
-l
FARE: = WITH HARDWALL o
o EJECTOR .
H
<
]
a WITH TREATED
4 EJECTOR
2 1a0f—
o
o
<
5
T
130 ! 1 I
100 1000 10000

FREQUENCY IN HERTZ

Figure 5.1-38 Effect of Hardwall and Treated Ejectors on Noise Spectra of Finger Suppressor at a Fan
Velocity of 850 mps (2800 fps), 0.75 Area Ratio Scaled to 1.27m (50 in.) Equivalent
Diameter '



78

al 707 8PS (2320 FPS)

r

: FINGER

MULTI-TUBE

MERGED JET SPECTRA, EXTRAPOLATED
TO HIGH FREQUENCIES

THIRD-OCTAVE BAND PWL ~dB re 1012 WATTS

120 1 1
100 1000 10,000

FREQUENCY IN HERTZ

b) 853 MPS (2800 FPS)

170 o
"
I
[
<
2 FINGER
o
'.'° 160 b=
-
£
o
v
]
=]
E 150 p—
a MULT!I.TUBE
2
o
«
w
>
b -
- 140
o MERGED JET SPECTRA, EXTRAPOLATED
Q TO HIGH FREQUENCIES
[=]
c
£
130/ l J I

100 1000 10,000
FREQUENCY IN HERT2

Figure 5.1-39 Noise Spectra of Finger and Multi-tube Suppressors With Hardwall Ejector, 0.75 Area
Ratio Scaled to 1.27 m (50 in. ) Equivalent Diameter



5.1.3.4 Convoluted Suppressors With Ejectors

The comparisorn of peak PNL for the 0.75 area ratio convoluted suppressor, with and without
ejectors, is shown in Figure 5.1-40. As illustrated, the hardwall ejector provides approximately
1 PNdB reduction. The presence of the acoustically treated ejector provides an additional

4 PNdB reduction at low fan velocities and no reduction at the higher fan velocities, The
PNL directivities at two fan velocities, shown in Figure 5.1-41, indicate a larger ejector im-
pact at @ = 165° compared to the other suppressor configurations. However, at the peak
PNL angle, the effect is comparable to that of the finger suppressor, but not as large as the
multi-tube design. The PNL reduction due to the ejectors is negligible at side and forward
angles at the fan velocity of 850 mps, similar to the results from the multi-tube and finger
suppressors. SPL and power spectra comparisons are shown in Figure 5.1-42 for a fan velo-
city of 707 mps. The hardwall ejector provides a large amount of suppression at high freq-
uencies at 8 = 140°, but has little effect at @ = 90°. The treated ejector provides high freq-
uency suppression at both angles. The sound power spectra comparison in Figure 5.1-42¢
indicates a 1-3 dB reduction due to the hardwall ejector. The treated ejector provides up to
6 dB reduction at the higher frequencies. Comparisons of SPL spectra at 90° and 140° and
power spectra for the higher fan velocity of 850 mps are shown in Figure 5.1-43. As was
seen for the multi-tube and finger suppressors, the high levels of noise generated by the merged
jet dominates the noise spectra at this high fan velocity, and the ejectors are ineffective in
reducing the noise generated in the merged jet region. It is noted that no high frequency at-
tenuation is present due to the treatment in the ejector for the 850 mps case. The explana-
tion for this behavior is the same as for the finger suppressor discussed previously, i.e., the
merged jet noise is dominant over the entire frequency spectrum.
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The impact on peak PNL suppression of increasing the fan to primary area ratio of the con-
voluted suppressor from 0.75 to 1.2 is shown in Figure 5.1-44 for both the hardwall and
treated ejectors. The suppression was essentially the same for the two different area ratios.
The impact of the ejectors on the noise power spectra of the 1.2 area ratio convoluted sup-
pressors is presented in Figure 5.1-45. The effect of the ejectors is seen to be similar to that
of the 0.75 area ratio configuration illustrated in Figure 5.1-42. The hardwall ejector re-
duces the noise by varying amounts across the entire frequency range while the treated ejec-
tor results in additional suppression only at the higher frequencies. The reduction in noise
power spectra, due to the ejectors relative to the convoluted suppressor noise with no ejec-
tor, is presented in Flguré 5.1-46 for both area ratios. Except at the very high frequencies
(above 4,000 Hz), the suppression spectra are quite similar for both the 0 75 and 1.2 area
ratio models. Since the suppression spectra are approximately the same, it can inferred that
the effect of ejectors on the suppression provided by the convoluted suppressor is essentially
insensitive to nozzle area ratio changes from 0.75 to 1.2.
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5.1.4 Data Correlations

Three special correlations developed using the jet noise power level data obtained during
this program are presented in this section.

The correlations quantify the noise trends produced by the DBTF exhaust systems and
focus on three topics:

®  Acoustic power levels and perceived noise levels of the unsuppressed coannular nozzles
defined in terms of fan to primary velocity and area ratios.

®  Acoustic power level of all configurations in terms of suppressor geometric parameters.

®  Acoustic power level of all configurations in terms of jet plume velocity profile mea-
surements.

5.1.4.1 Correlation of Unsuppressed Coannular Nozzle Noise

Since the unsuppressed coannular nozzle produced significant noise reductions relative to
the synthesis, it is desirable to correlate the results in a general manner that adequately
describes the overall noise characteristics of the nozzle system. A general correlation of the
unsuppressed coannular nozzle noise data is presented in this section. The results show that
for Vf/V > 1, the noise power level, when corrected for fan stream temperature, can be
lepresen{éd as a function of fan stream velocity along a family of nearly straight lines of
constant V¢/V_,. The effect of Vf/Vp and Af/Ap are then accounted for by empirically
derived normaf,izing factors.
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The power level normalization factors were also used to collapse the peak PNL data, the
results being generally similar to those of the PWL correlation.

Figure 5.1-47 illustrates the power level along lines of constant fan stream temperature for
all the values of primary stream velocity run during the tests of the unsuppressed coannular
nozzle having Af/Ap = 0.75 including Vp of 305,402,427,500, 539 and 610 mps. The
power levels stratify along constant fan stream temperature lines, especially at the higher
values of fan velocity. This indicates that at the higher fan velocities, the fan flow is
responsible for the dominant portion of the overall jet noise. Under these conditions, the use
of a fan stream temperature (or density) normalizing parameter proved useful in collapsing
the noise levels along a single line (i.e., removing the effect of fan temperature). The para-
meter used for this purpose is the fully expanded ratio of fan stream density to ambient den-
sity raised to an exponent which varies with jet velocity, where APWL = 10 logq (pf/pa)“’

is added to the noise level of a jet at elevated temperature to equal the noise level of an ambi-
ent temperature jet. Application of this parameter has been shown to provide an excellent col-
lapse of subsonic jet mixing noise levels in Ref. 10. The exponent varies from -1 at low velo-
cities to a value of +2 at high jet velocity as shown in Figure 5.1-48. This normalization ap-
plied to the convergent reference nozzle data produced an excellent collapse of the power
level as shown in Figure 5.1-49. The curve shape closely simulates the results in Ref. 10 when
the referenced data are converted to a power level basis. At low velocities the slope is approx-
imately 8, then increases to 11.5 between 305 and 610 mps, and decreases at velocities above
610 mps. The 11.5 slope arises from the effects of convective amplification which becomes
increasingly important above 305 mps. The only data points that do not collapse are for low
temperature, supersonic velocity fan operating conditions that contain large amounts of shock
screech energy. The otherwise excellent data collapse indicates that, on a power level basis,
the jet noise is dominated by mixing noise rather than shock related noise sources. Applying
the same normalizing factor based on fan jet density and velocity to the unsuppressed coan-
nular nozzle noise levels results in the collapsed noise power curves in Figure 5.1-50, each
curve representing a constant primary velocity. At Vp = 305 mps, the data collapses well
over the entire velocity range, except for the two low temperature supersonic velocity fan
points which contain shocks similar to those in the convergent nozzle data. Above 305 mps,
the shape of the curve is similar to that of the convergent nozzle data (i.e., a reasonably
straight line at velocities between 305 and 610 mps, and decreasing slope between 305 and
above 620 mps). The slope of 8.5 in the mid-velocity range is less than that of the conver-
gent nozzle data and is due to the jet noise from the primary stream becoming increasingly
important at decreasing fan velocities. At V= 402 mps, the slope is 7, indicating a further
contribution of the primary jet to the total jet noise. At V, = 427 mps, the slope is 6.3, and
it is seen that the normalization does not work at V¢ <V, due to the high contribution of
the primary jet to the total jet noise. At a velocity of 500 mps, the influence of the primary
stream on the noise tends to obscure the slope in the 305-610 mps V_, range, and at V., = 539
and 610 mps, the density normalization, for the limited data region tested, does not collapse
the data due to the high contribution of primary jet noise. However, extrapolation of the
data curves to higher fan velocity indicates a collapse at large V¢. Figure 5.1-50 shows the
normalized power level curves for all primary velocities where the shaded regions represent
the uncertainty in the density normalized curves due to non-collapse of the data. The cor-
relation was established to represent the data at values of Vf/V > 1.0. The uncertainty
exists for only a limited region of the correlation where the primary velocity is over 500 mps.
The large uncertainty is + 1.5 dB.
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To further enhance the data correlation, the effect of velocity ratio, Vf/V , was established.
This was accomplished by locating points on each constant primary velocn%y line (on
Figure 5.1-51) corresponding to Vf/Vp of 1.0, 1.2 ... .2.8. The lines best fitting these

points are shown as dashed lines in Figure 5.1-50 and by themselves in Figure 5.1-52 for
more clarity.

Also shown on Figure 5.1-51 is the normalized power level curve from the convergent
nozzle data. This line represents the ideal noise power level of a coannular nozzle having
equal fan and primary velocities. Note that it lies from 2 to 5 dB above the coannular nozzle
line having Vf/Vp = 1.0, thus indicating that the coannular nozzle under the conditions of
equal primary and fan velocities produces less noise than a single jet. Two major factors
may contribute to this result. The first factor is the differences in geometry. The presence
of the primary stream tailpipe that separates the fan and primary streams can produce
significant differences in the exit velocity profile compared to the convergent nozzle. In
particular, an intermediate shear layer caused by the boundary layer growth inside of the
primary nozzle and the fan nozzle inner diameter surface is present and could affect the
actual mixing process. In addition the two streams exhaust to ambient at different axial
locations, and this will also affect the mixing process relative to a single jet. The second fac-
tor is that the normalization for density was based strictly on the fan stream conditions. No
adjustments could be made to correct for different primary stream densities as data were not
obtained that would allow definition of the effect of this parameter,
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In any event, the correlation of the coannular nozzle noise levels clearly shows that at all
fan velocities, an increase of Vf/V causes substantial noise reductions up to Vf/V =2.0.
Increases of Vf/V above 2.0 causes only small additional noise reductions.

Using the results in this form enables determination of the noise reduction due to the inver-
ted profile effect (i.e., V¢ > V), knowing only the fan velocity and the fan to primary velo-
city ratio (for a configuration ﬁavmg Af/% 0.75). Since the V¢/V lines of Figure 5.1-52
are well behaved, the data correlation has been extended one additional step, which is the de-
termination of the normalizing factor necessary to collapse all of the data to a single line. It
was postulated that a data collapse could be accomplished by using only Vf/Vp as a parame-
ter. Figure 5.1-53 shows plots of APWL vs 10 log Vf/V for four different fan velocities, in
order to determine the behavior over a wide range of fan velocity. These APWL were deter-
mined by subtracting the PWL at each value of V¢/V, from the PWL value at V. /V =1.0.
These data collapsed reasonably well. The correlating parameter of APWL based on the mean
line through the points is 10 log (Vf/V as shown in Figure 5.1-54, where

A PWL (Rel. to Vg/Vp = 1) 1 1/5
= -3.75 (

10 log (V¢/Vy) 1+0.0127 X3
Application of this parameter results in the final normalized power level curves shown in
Figure 5.1-55. The maximum deviation of * 1 dB from a mean line representing the curves
indicates that the normalizing parameter adequately describes the effect of the fan to pri-
mary velocity ratio for this configuration having Af/ = (0.75. An important observation
that can be made from this correlation, and in particular from the expression for m shown
above, is that negligible additional suppression (<2 dB) is gained for Vf/V greater than 2.0.
This indicates that if the primary stream were turned off, i.e., Vf/Vp = oo, the suppression
would be approximately the same as for V¢/V,, = 2.0. In other words, a single jet exiting

as an annulus surrounding a zero length plug centerbody would be expected to produce ap-
proximately the same suppression as a coannular flow of Vf/ V,, = 2.0 if the annulus in each
case is similar, and if the single jet were provided with a small amount of leakage flow to pre-
vent a severe overexpansion shock system and its associated shock noise.

The same formula for m determined for the 0.75 area ratio nozzle was applied to the data
produced by the second unsuppressed coannular nozzle, having Ag/A,, = 1.2. The normal-
ized power level curves showed reasonable collapse as shown in Figure 5.1-56. A compari-
son of the normalized curves for the 0.75 and 1.2 area ratio unsuppressed coannular nozzle
configurations shows that the noise of the 1.2 configuration is 2-3 dB higher. It also shows
that the normalization tends to over-compensate the noise of the 1.2 area ratio nozzle at

the higher ratios of Vf/Vp, implying that the inverted profile effect is less as Af/ Ap increases

from 0.75 to 1.2.

The apparent effect of Ag/A,, was determined by using A PWL = 10 log; g (Ag/Ap )", where
for simplicity and due to the limited data, the area ratio and velocity ratio are oons1dered
to act independently. The value of n required to collapse the two sets of data was found to
be equal to 1.0. The final data normalization using mean lines for both sets of data is
illustrated in Figure 5.1-57.
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Figure 5.1-58 shows all the measured PWL data for the Vf/Vp operating conditions normalized
by the resulting procedure.
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The same numerical values of correlating parameters used to correlate the power level data
were used to.normalize the perceived noise level data results shown in Figure 5.1-59. The
data spread is similar to that of the power level normalization.

This correlation procedure produced a reasonable collapse of the noise levels of the inverted
velocity profile coannular nozzles. However, for airplane mission studies, a prediction pro-
cedure is required which includes the estimation of SPL spectral characteristics at all angles.
This more sophisticated prediction requirement is needed in order to allow EPNL calcula-
tions for flyover conditions. In order to develop a prediction procedure of this type, con-
sideration of the noise generation process is necessary. The total noise spectrum is com-
prised of low frequency noise related to the properties of a downstream merged jet, and
high frequency noise related to the properties of the annular fan stream close to the nozzle.
The use of simple parameters based on ideally expanded properties of each stream at the
nozzle exit to correlate a noise level representing the sum of the noise from the two sources
is considered to be too simple a basis for providing an accurate method to normalize the
data. Preliminary correlations based on dividing the measured SPL spectra into separate
high and low frequency noise components indicate that a satisfactory prediction procedure
could be developed by correlating the low frequency and high frequency noise individually
against parameters better representing the noise generation in the two separate regions.
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5.1.4.2 Suppressor Geometry Correlation

This correlation is shown in Figure 5.1-60 for a variety of flow combinations. The geometric
parameter selected is the projected area ratio, defined as the total area enclosed by a circle
surrounding the outermost perimeter of the fan nozzle (Suppressor Projected Area), divided
by the actual fan exhaust flow area (Flow Area). When the fan velocity is substantially
higher than the primary velocity, this parameter represents a rough measure of the cross
sectional area available for the high velocity fan flow to mix with both the ambient and low
velocity primary exhaust flows and thus to decay to lower velocities downstream. This
parameter is analogous to the suppressor area ratio parameter used to correlate noise suppres-
sion of turbojet suppressors (Ref. 16). The noise levels for the projected area ratio of 1.0, (i.e.,
the single jet) was obtained by scaling the reference convergent nozzle noise levels to a

single jet having the same area as the fan area of the coannular nozzle. The correlation
between noise power and the area ratio parameter suggests that the suppressor-like behavior
of the unsuppressed coannular nozzle, when compared to a convergent nozzle, is related to
the ratio of the fan area to total area, and that this is the parameter which controls the sub-
sequent mixing with both the lower velocity primary exhaust and the ambient air.
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Based on this limited correlation, an inference could be made relating to the possibility of
obtaining the inherent coannular nozzle noise reductions for Vf/V > 1 exhaust profiles
through the use of a large centerbody plug in place of a low velocig' primary stream. Data
contained in Ref. 12 indicates that a single stream annular nozzle with no centerbody
generally produces noise reduction consistent with the coannular nozzle having large
V¢/V,,. However, results of Ref. 13 showed that a single stream annular nozzle surrounding
a large, long plug centerbody produced only a moderate amount of suppression compared
to the coannular noise reductions obtained during this program. Consideration of the flow
aerodynamics would explain these results. Whereas the coannular jet provides for mixing
of the high velocity fan flow jet with the ambient air on the jet outer diameter and with
low velocity primary flow on the jet inner diameter, the presence of a large centerbody plug
in place of the low velocity inner flow would severely reduce the mixing on the jet inner
diameter. Thus, the coannular noise/geometry correlation presented in this section would
be optimistic if used to predict the suppression of an annular jet surrounding a large, long
plug centerbody .

5.1.4.3 Velocity Profile Correlation

The third correlation was developed to relate the noise to the jet plume characteristics of
the various configurations. The measurements of velocity profiles at the axial position of
the ejector exit plane (whether or not an ejector was used), shown in Figure 5.1-61 for a
typical operating point, were used in conjunction with the measured noise power levels to
derive a correlation between the noise and the flowfield characteristics of the various con-
figurations. The basis for this correlation is the work of Chen (Ref. 17) in which he demon-
strated that jet noise can be approximated by a spatial integration across the jet volume of
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a large number of radiating noise elements (or turbulent eddies). Each of the elements gen-
erates noise approximately as the eighth power of the local mean velocity. The approach
used in this program was to determine the maximum velocity behind both the primary and
fan stream nozzle at the ejector exit plane station, and add these values logarithmically with
an appropriate area weighting factor relating to the fan to primary stream area ratio. The
velocity profiles were highly dependent upon the nozzle configuration at each operating con-
dition, as would be expected due to the large influence of nozzle suppressor geometry upon
the mixing and subsequent velocity decay of the jet exhausts. This is illustrated by the pro-
files presented in Figure 5.1-61. The correlation of noise level with the velocity parameter
for all points at which profile measurements were made is shown in Figure 5.1-62. The max~
imum deviation from the mean line was 3 dB; however, 2/3 of the data falls within 1 dB.
Extended studies in this area may prove useful in supplementing the understanding of sup-
pressor nozzle behavior.

FPS  MPS
2000 =
~600| COANNULAR UNSUPPRESSED
1
woof| !
| LY
1s00 | 500 \‘_/ CONVOLUTED SUPPRESSOR
X WIHARDWALL EJECTOR
1400 |- FINGER SUPPRESSOR
400¢: W/HARDWALL EJECTOR
> 1200 |- R
o T
\
§ 1000 1| of MULTITUBE SUPPRESSOR
;: 0! N W/HARDWALL EJECTOR
& e} | 1. - 8129 (1000°F) V_ - 427 MPS {1400 FPS}) {’%,
= i ™ P
200, Tre - 700°K 1800°F) V) » 619 MPS 2030 FPS)
600 |- <
| TRAVERSED AT PLANE
awof| OF EJECTOR EXIT
100,
2004
|
° 1 1 1 {
o 0.2 04 06 0.8 1.0 1.2 1.4

RADIAL DISTANCE/EJECTOR EXIT RADIUS

Figure 5.1-61 Exit Velocity Profiles for Various Coannular Nozzle Configurations, 0. 75 Area Ratio

L
S
&
% £
1 "y X
rw v
e F MAX
09
akr
23| vemax
170 > a ®
RADIUS
< (e
: 168 CONFIGURATIONS 1
1~ 0,75 AREA RATIO 1.2 AREA RATIO
n’ @ CONVERGENT
% O unsuprRESSED coANNULAR — . _ |G
; ;fg A\ muLTITUBE
€ ] MULTI-TUBE AND HARDWALL EJECTOR
? s . & CONVOLUTED _ . v
S £} f CONVOLUTED AND Harowart EiecTor | I
g . & FinGeRs
o @ FINGERS AND HARDWALL EJECTOR
13V =
Vgr © 305 MPS (1000 FPS)
145 ——b (AF/AF’REF =075 —
unr | —
-2 2 6 1 14 18 22 6 X

. B
. 10106 [(VP IMX)' +(Ag/Ap) (VF mx) ] +10L0G [.__1 Mhialilal ner]
VREF Vaee 1+ (Ag /Ap)
Figure 5.1-62 Correlation of PWL and Velocity Profile Parameter Jfor Coannular Nozzles, 0.75 Area Ratio,
Scaled to 1.27 m (50 in. ) Equivalent Diameter

99



-

5.2 AERODYNAMIC PERFORMANCE

The aerodynamic performance characteristics were obtained simultaneously with the acous-
tic measurements at each pressure ratio and temperature for all the configurations tested.
The aerodynamic performance is defined by the nozzle thrust coefficient, C,,, which is the
ratio of actual total thrust generated by the complete exhaust system to the total ideal
thrust available. In addition, an array of static pressures on the suppressor configurations
was used to aid in diagnosing the flow through the system.

The performance of the various nozzle/suppressor configurations is presented relative to the
appropriate unsuppressed coannular nozzle, operating at the same flow conditions. The un-
suppressed coannular nozzle is used as a reference configuration since the aerodynamic per-
formance characteristics of a coannular system cannot be directly synthesized from the per-
formance characteristics of a simple convergent nozzle.

The resulting differences between a given test configuration and the unsuppressed coannular
nozzle were then compiled, point by point, primarily in terms of fan stream pressure ratio
and a smooth mean line carefully established through the data. In some cases, this mean
performance level was tempered by cross-correlating with the pressure integrals in the nozzle
as well as established differences between other configurations. The large quantity of data
on many of the configurations provided a good statistical sampling of the performance levels.
All of the data is presented in Volume II of the CDR (Ref. 8). The performance data is used
as measured and not adjusted for any full scale effects since the physical full scale exhaust
system characteristics have not been established.

The discussion of performance characteristics will cover the following items. The perform-
ance of the reference nozzles will be presented first, for both the convergent nozzle which
provides a check on the basic facility, and the unsuppressed coannular nozzles which serve
as the baselines for all of the suppressor configurations. The characteristics of all the sup-
pressor configurations are then discussed, with the low area ratio (Af/A = (0.75) presented
first, followed by the larger area ratio (Af/A = 1.2) evaluations.

The performance aspects of the ejectors are included in the discussion of the basic nozzle/
suppressor rather than in a separate discussion, as in the Acoustic Results (Section 5.1). A
brief summary of the flow coefficients for all the models is also included. A special correla-
tion presenting the impact of acoustical treatment is then discussed, prior to a complete
summary of the aerodynamic performance relating all the test configurations.

5.2.1 Convergent Nozzle

The convergent nozzle thrust coefficients are shown in Figure 5.2-1 for all the measured
points, at temperatures from 395°K to 1090°K. These data do not indicate any discernible
trend with variation in temperature, and therefore, a single mean line representing the per-
formance level was established. The level shown is consistent with that generally accepted

for a convergent nozzle, when the installation is considered. The installation in this test had

a relatively long distance and large amount of internal surface area between the instrument-
ation station and the nozzle exit. The internal friction losses, therefore, become significant,
particularly at the low pressure ratios. This is reflected in the high lapse rate at the low pres-
sure ratios. The losses diminish in importance at the high pressure ratios, where they are small
compared to the nozzle thrust.
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Figure 5.2-1 Aerodynamic Performance of Reference Convergent Nozzle

The performance levels of the unsuppressed coannular nozzles are presented in Figure 5.2-2
for all the measured points. As indicated, there was a large amount of data generated with
these nozzles, since they were baseline configurations. All of the test conditions simulated
with the suppressor configurations were duplicated with the baseline units, plus additional
points to ensure a thorough and complete understanding of the baseline configurations. As
with the convergent reference nozzle, no significant trend consistent with stream tempera-
ture was observed, and therefore, a single smooth mean line was used to represent the base-
line performance levels.

Figure 5.2-2
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The performance of the two unsuppressed coannular nozzles is compared to that of the
convergent nozzle in Figure 5.2-3, where the average performance levels of the configura-
tions are illustrated. The performance is presented in terms of mass averaged total pressure
ratio so that all the reference nozzles can be meaningfully compared. The difference bet-
ween the convergent nozzle and the unsuppressed coannular nozzle with an _Af/A =0.75
is due to the presence of a convergent-divergent nozzle in the primary stream of the coannu-
lar configuration, as well as the increased frictional drag associated with the coannular noz-
zle. The primary nozzle was selected to reflect requirements of higher design flight speeds
associated with a supersonic cruise vehicle. The C-D nozzle (A/Ath = 1.1) is overexpanded
at the low primary pressure ratio (1.53) simulated in this series of tests. The frictional
losses are due to the additional wetted areas of the coannular nozzle, downstream of the in-
strumentation station. As illustrated, when these calculated differences between configura-
tions are accounted for, the performance levels are consistent and acceptable.

Also presented in Figure 5.2-3 is the performance of the higher area ratio (A¢/A, = 1.2) un-
suppressed coannular nozzle. As illustrated, it is approximately 0.5% below the 0.75 coannular
nozzle. This loss reflects the increased internal duct Mach number associated with increasing
the fan stream discharge area with a fixed upstream duct size. The primary stream has an
opposite trend, but it is not enough to offset the fan stream losses.
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Figure 5.2-3 Comparison of Aerodynamic Performance of Convergent Reference Nozzle, and Coannular
Unsuppressed Nozzles at a Primary Pressure Ratio of 1.53

One of the unsuppressed coannular nozzles (Af/Ap = 0.75) was also tested at higher primary
pressure ratios to supplement similar tests with suppressor configurations. The performance
levels are presented in Figure 5.2-4. The over-all performance level increases slightly when
the primary pressure ratio is increased because the primary over-expansion losses, discussed
earlier, are reduced. Since the primary overexpansion losses are changing, the data was not
included in the comparison of Figure 5.2-3. However, since the data shifts at the higher
primary pressure ratios can be entirely attributed to the changes in the overexpansion losses,
the data is believed to be consistent with the previous baseline data.
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Since the coannular unsuppressed nozzle demonstrated noise levels well below that which
would be predicted using normal methods, the thrust characteristics of this system are of
special interest. Mating an ejector to this nozzle would constitute a flight-type exhaust sys-
tem. The impact of an ejector on the performance characteristics of the unsuppressed co-
annular nozzle is shown in Figure 5.2-5. At a nominal fan pressure ratio of 2.5 the hardwall
ejector provided approximately 1% thrust augmentation to the baseline nozzle. Adding
acoustic treatment to the ejector produced a loss of about 0.5%, due primarily to the in-
creased frictional drag. It should be noted that these increments could be improved by slightly
altering the relative size and/or position of the ejector. The performance characteristics of
both the hardwall and treated ejectors are presented in terms of fan stream jet velocity in
Figure 5.2-6. The latter is a transformation from pressure ratio and temperature to jet ve-
locity, and is presented as a convenience to expedite correlation with the corresponding acoustic
data.
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5.2.3 Fan Stream Suppressors
5.2.3.1 Multi-Tube Suppressor

The performance characteristics of the multi-tube suppressor configurations are presented

in Figure 5.2-7, relative to the unsuppressed coannular reference nozzle for a typical set of
flow conditions. Since fan stream temperature does not appear to significantly affect the
performance characteristics, a single line through all of the data establishes the performance
change to be a function of the fan stream pressure ratio. The performance loss increases
with increasing pressure ratio because the static pressure acting on the base regions of the
tube array is decreasing, causing additional drag. At a nomina! pressure ratio of 2.5, the
basic multi-tube suppressor exhibited a loss of 3.5%. Adding the hardwall ejector reduced
the net loss to 2%, reflecting the augmentation gains of the ejector. Adding acoustical treat-
ment to the ejector increases the loss to about 6.5%. This additional loss is due to the
increased friction on the internal surface of the ejector, along with an associated change in
the ejector pumping characteristics. Since the outer perimeter of the tube array is very
close to the inner surface of the ejector (see Figure 3-17, Section 3.2.6), the treatment is
being washed by the high velocity discharge from the tubes. The normal frictional loss is
magnified by the following factors: the facing sheet of the treatment has a moderately

high porosity (30%); and the backing material (“‘Cerafelt™) is penetrable and when subjected
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to an axial static pressure gradient, as observed in the ejector, recirculation losses are created

in the treated walls of the ejector. The observed overall loss associated with the acoustic
treatment could be reduced by: increasing the clearance between the ejector and the tube
array, reducing the porosity of the facing sheet, if acceptable from a noise suppressor and
exhaust system viewpoint; and compartmentalizing the space behind the facing sheet or
adopting a honeycomb backing material tuned to a specific design point. Asa convenience,
the same performance characteristics are presented in terms of ideal jet velocity in Figure 5.2.8.
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5.2.3.2 Convoluted Suppressor

The performance characteristics of the convoluted suppressor configurations are illustrated

in Figure 5.2-9 relative to the unsuppressed coannular nozzle operating at the same condi-
tions. At a typical fan pressure ratio of 2.5, the basic convoluted suppressor exhibits a loss

of almost 1%. The loss is a combination of the internal total pressure losses, associated with

a multi-element nozzle, and the base pressure drag generated on the external surface of the
convolutions, primarily near the nozzle exit. When the ejector was added, a performance

gain of nearly 2% over the unsuppressed nozzle was obtained. This is 3% over the basic con-
voluted suppressor, representing the ejector augmentation. This augmentation is slightly more
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than observed with the multi-tube suppressor. The shift in augmentation between the two sup-~
pressor configurations is the result of the changing match between the suppressors and the
ejector, which was the same unit in each case. The impact of the ejector on a given suppres-
sor could be altered if the ejector geometry is varied. Adding acoustic treatment to the ejec-
tor lowered the performance by approximately 1%, but the resultant convoluted suppressor
configuration will still 1% higher than the unsuppressed nozzle. This loss is due to the increased
scrubbing drag as well as changes in the ejector pumping characteristics. As illustrated for
these three configurations, fan temperature does not appreciably change the performance
comparisons; however, increasing fan pressure ratio does cause a slight decay in the perform-
ance levels. The same performance characteristics are presented as a function of fan jet velo-
city in Figure 5.2-10,
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Several of the preceeding suppressor configurations were evaluated at higher primary stream
pressure ratios, ranging up to 2.5. These configurations were the basic convoluted suppressor
and the multi-tube suppressor, with and without an acoustically treated ejector. The resultant
performance trends are summarized in Figure 5.2-11, illustrating the decrease in performance
loss, relative to the unsuppressed coannular nozzle, when the primary pressure ratio is increased.
This is due to the increasing percentage of the total mass flow passing through the relatively
loss-free primary nozzle, while the fan stream thrust contribution remains unchanged. The
losses in the fan stream suppression device become a smaller percentage of the total thrust
produced by the complete nozzle configuration.
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Figure 5.2-11 Effect of Primary Pressure Ratio on Aerodynamic Performance of Several Suppressors
Relative to Coannular Unsuppressed Nozzle Without Ejector, 0.75 Area Ratio

The performance characteristics of a convoluted suppressor with an area ratio of 1.2 are shown
in Figure 5.2-12, relative to the performance of the comparable unsuppressed coannular nozzle
(Af/Ap = 1.2). The basic convoluted suppressor exhibited a loss of about 1% (ACv at a fan
pressure ratio of 2.5) relative to the unsuppressed coannular nozzle. Adding the hardwall
ejector produced about 3% gain over the basic convoluted suppressor performance level. How-
ever, when acoustic treatment was added to the ejector, a loss of about 2% relative to hardwall
ejector was noted. The resultant performance of the treated ejector was therefore 1% higher
than the basic convoluted suppressor. These performance trends are presented in terms of fan
stream jet velocity in Figure 5.2-13.
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These results are quite similar to those obtained with the lower area ratio convoluted nozzle.
The performance characteristics for the two configurations are compared in Figure 5.2-14.
When the basic suppressor, as well as the suppressor with a hardwall ejector, are considered,
the higher area ratio nozzle is only slightly lower in performance level. A higher percentage

of the total configuration flow is passing through the loss producing portion (i.e. convolutions)
of the nozzle system and therefore total performance is decreasing. When an acoustically
treated ejector is added to the suppressor, the impact of nozzle area ratio is magnified and

a difference of approximately 1.5% between the configurations is noted.
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Figure 5.2-14 Effect of Area Rutio on Aerodynamic Performance of Convoluted Suppressors

5.2.3.3 Finger Suppressor

The thrust characteristics of the finger-type suppressor are illustrated in Figure 5.2-15 relative
to the unsuppressed coannular nozzle. The finger suppressor by itself, exhibited a performance
loss of 2.7% (ACv @ Ptf/Pa = 2.5) due primarily to the low pressures created on the down-
stream side of the fingers. When the hardwall ejector was added, the performance loss in-
creased to approximately 4.3%. This performance decay is due to the severe reduction in
static pressure on the suppressor as illustrated in Figure 5.2-16. As shown, the average

pressure acting on the fingers drops from 95% of ambient to 81%. This is offset somewhat .

by the low pressure acting on the lip of the ejector, but the dominant force is that acting

on the suppressor. This reduction in internal pressures is associated with the induced airflow
produced by the ejector.
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Adding acoustic treatment to the ejector increased the thrust penalty of the system to 5.0%,
relative to the unsuppressed coannular nozzle (Figure 5.2-15). Integration of the static pres-
sures, illustrated in Figure 5.2-16, showed that the net force acting on the suppressor and
ejector lip was equal to that with the hardwall ejector. The additional performance loss of
0.7% (5.0-4.3) is therefore attributed to the friczional drag of the acoustic treatment. These
performance characteristics are presented in terms of fan jet velocity in Figure 5.2-17.
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LOCAL STATIC PRESSURE

A comparison of the internal pressures for the various suppressor configurations is shown in
Figure 5.2-18 for a typical flow condition. The convoluted suppressor, which showed the
largest amount of ejector augmentation, had relatively high pressures on the suppressor as a
result of proper ventilation. The corresponding pressures in the ejector indicated a moderate
amount of lip suction for the convoluted suppressor. Since the ejector is cylindrical for the
last 75% of its length, the pressure distribution in this region does not contribute significantly
to the overall force. The multi-tube suppressor and the finger-type suppressor both exhibit
low pressures on the suppressor, however, the lip suction on the ejector is better for the multi-
tube configuration. The integrated forces therefore confirm that the multi-tube suppressor
exhibited much more ejector augmentation than did the finger design, but not as much as the

convoluted configuration.
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5.2.4 Flow Coefficients

The flow coefficients of the primary nozzle for A¢/A
for a range of flow conditions. The primary nozzle flp
shown on Figure 5.2-19a. Asillustrated, it is not appreciably changed by

ow coefficient at a Pt

stream nozzle employed (i.e., unsuppressed or suppressed). The thermal growth of the
model hardware has been analytically accounted for in the flow calculation and therefore,
there is no significant stream temperature effect. A single curve is therefore drawn through

all the points. The level is significantly above unity over the range of fan nozzle pressure
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ratios. These high values of flow coefficient occur because the primary nozzle is a convergent-
divergent design, being aspirated by the surrounding fan stream. Thé ideal flow of this noz-
zle is calculated for an indicated pressure ratio of 1.53 (relative to ambient pressure); how-
ever, this nozzle is operating with an exit pressure that is lower than ambient and is conse-
quently passing more airflow than defined as ideal. This phenomenon does not occur_when
the indicated primary pressure ratio exceeds approximately 1.9 since the nozzle becomes™ .
choked. The primary flow coefficient at a pressure ratio of 2.5 is illustrated in Figure 5.2-19b
where the level is below unity. The general trend of the primary flow coefficient (for both
primary nozzle pressure ratios) is to decrease with increasing fan nozzle pressure ratio, due to
the suppressive cffect of increasing fan pressure ratio. This tends to counteract the hlgh levels
of aspiration which the primary nozzle experiences at the lower fan pressure ratlos
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Figure 5.2-19 Typical Primary Flow Coefficients for Several Coannular Nozzles, 0.75 Area Ratio

The flow coefficient of the fan stream for Af/A = 0.75 (shown on Figure 5.2-20) has a
more conventional trend, with the peak level varying from 0.95 to 0.98 depending on the- .
configuration. The unsuppressed nozzle and the convoluted suppressor are on the upper end
of the band, reflecting the gradual convergence of the fan stream passage. The flow coeffi-
cients of the multi-tube and finger suppressors are on the lower end of the band because ..
of the increase in wetted perimeter at the nozzle exit and a more abrupt convergence. Since
there is no significant effect of stream temperature on the flow coefficients, single curves . A
represent each of the configurations. The variations in fan flow coefficients are not large . '
enough to create any significant differences in either the relative thrust charactenstlcs or

the relative acoustlc propertlcs used in the configurational comparisons.
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The configurations having an area ratio, Af/A , of 1.2 are geometrically similar to those
having a 0.75 area ratio. The flow coefficients are, therefore, similar, but have slightly dif-
ferent absolute levels. The fan nozzle (Af/A = 1.2) is lower in flow coefficient, as shown
in Figure 5.2-21, where the fan flow coefficients of both the unsuppressed nozzles are com-
pared. All of the data taken for each configuration is presented with a mean line indicating
the level of flow coefficient for each area ratio. The 1.2 area ratio fan nozzle flow coeffi-
cient is lower because the increased fan exit area is associated with a higher fan duct pres-

sure loss due to an increased internal Mach number. This increased loss is equivalent to about

1% decrease in fan nozzle flow coefficient (above the choked pressure ratio) which is the
difference between the mean levels of flow coefficient for the two configurations.

The primary stream undergoes the reverse trend when the area ratio is increased from 0.75
to 1.2. However, the resulting change in primary flow coefficient is negligible because the
Mach numbers in the primary passage are so low. In other words, the primary flow coeffi-
cients presented in Figure 5.2-19 apply to both the 0.75 and 1.2 area ratio nozzles.
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Figure 5.2-21 Effect of Area Ratio on Fan Flow Coefficient of Coannular Unsuppressed Nozzle
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5.2.5 Acoustical Treatment

The addition of acoustical treatment to the ejector had a significant impact on the perform-
ance of all the suppressor configurations because of the scrubbing drag on the perforated wall
liner. The severity of this drag is dependent on the geometry of the suppressor, which will
dictate the outer bounds of the fan stream plume. The ratio of the ejector area to the pro-
jected area of the suppressor then furnishes a convenient parameter to describe this effect,

as illustrated in Figure 5.2-22. Each of the suppressor configurations tested with a treated
ejector has been compared to the corresponding hardwall version to establish the thrust de-
crement. As shown, a distinct trend prevails without regard to the type of suppressor system.
As the area ratio is descreased (i.e., when the clearance between the suppressor and the ejector
is reduced), the losses increase, especially if the area ratio is below approximately 1.3.
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Figure 5.2-22 Correlation of Loss in Aerodynamic Performance Due to Acoustical Treatment With Nozzle

Suppressor/Ejector Selection, Relative to Corresponding Nozzle Suppressor with Hardwall
Ejecror

5.3 IMPLICATIONS FOR CYCLE STUDIES

A cross section of the measured characteristics is presented in Figure 5.3-1, at a typical set
of primary and fan stream conditions, representing the current family of engine cycles being
evaluated in the Advanced Supersonic Propulsion Study. The amount of noise suppression
(relative to noise levels synthesized using modifications to the proposed revision of the SAE
jet noise prediction procedures) produced by the various configurations is compared to the
associated thrust change, thus providing a measure of the overall system effectiveness. The
coannular unsuppressed nozzle, representing a DBTF exhaust system, is 6 PNdB quieter
than predicted. Since this is the baseline configuration for the thrust measurements, the
thrust change is zero. Adding an ejector to the baseline produced 1 PNdB more suppression
and 1% thrust augmentation. Incorporating acoustical treatment in the ejector produced
another 1 PNdB suppression, at the expense of 0.5% thrust loss. The net result is that an
unsuppressed flight type exhaust system, consisting of a basic nozzle system and a treated
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ejector, is 8 PNdB quieter than previously estimated. The characteristics of convoluted,
finger and multi-tube suppressors are also shown in Figure 5.3-1. The multi-tube suppressor
nearly-doubled the coannular baseline noise reduction (up to 15 PNdB), with the other sup-
pressors in between. The hardwall ejector did not appreciably change the noise level (< }
PNdB) but its thrust impact varied from a gain of 3% to a loss of 1.5%, illustrating the sensi-
tive interaction between the basic suppressor design and the ejector. The introduction of
acoustical treatment in the ejector produced from 1.0 to 3.5 PNdB additional reduction but
at thrust losses from 0.5 to 4%. These losses indicate that acoustic treatment is a potentially
critical factor, requiring careful consideration.

20

o y od
T" = 1090°K (1500%F) V’ = 713 MPS {2340 FPSY

TlD = 950%K 1250°F) VD = 503 MPS {1650 FPS)

MULT!- TUBE SUPPRESSOR

). O/dl FINGER SUPPRESSOR

CONVOLUTED SUPPRESSOR

PEAK PNL SUPPRESSION
{RE COANNULAR SYNTHESIS)
3

5 COANNULAR UNSUPPRESSE () mreeen ]

OPEN  BASIC SUPPRESSOR
HALF - W HARDWALL EJECTOR
CLOSED - W TREATED EJECTOR

+5 o 5 -10
acy, ~ %

{RE COANNULAR UNSUPPRESSED )

Figure 5.3-1 Exhaust System Effectiveness, 0.75 Area Ratio

Within the range of area ratios considered (0.75 to 1.2), the relative size between the pri-
mary and fan streams Af/Ap, did not appreciably change the net results,

The results of this program have had a strong influence on the Advanced Supersonic Propul-
sion Studies being conducted in support of the SCAR program (as summarized in Ref. 18).
The inherent suppression characteristics of the coannular exhaust system provide several sys-
tem advantages. As illustrated in Figure 5.3-2, for a band of study engines, a reduction in
vehicle take-off gross weight of approximately 100,000 lbs can be achieved at a given jet
noise level by incorporating these new coannular benefits into the previously used prediction
techniques. In terms of the noise “footprint™ at constant TOGW, the impact is even more
dramatic, as shown in Figure 5.3-3. A reduction in footprint size, down to 25% of its origi-
nal size, is possible because of the coannular benefits. The projected range improvement due
to these test results is illustrated in Figure 5.3-4. applied to the evolutionary trend in the
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newer variable stream control engines. The range improvements reflect the reduced power-
plant weight on a given aircraft, allowing more fuel to be carried, providing increased range.
The newly defined exhaust system characteristics intensify the normal engine improvement

rate and greatly improve the range pay-offs for the advanced technology engines projected

for the future.
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6.0 SUMMARY OF RESULTS

Static acoustic and aerodynamic performance characteristics of typical duct-burning turbo-
fan nozzles were measured during this program using 0.127 m equivalent diameter scale
models, approximately 1/10 size. Configurations with and without fan stream jet noise
suppressors were evaluated, and the effects of hardwall and treated ejector shrouds were de-

termined.

The nozzles were tested over a large range of operating conditions. Primary stream velocity
ranged from 305 mps to 610 mps at temperatures of 395°K to 1090°K. Fan stream

velocity varied from 235 mps to 853 mps at temperatures of 395°F to 1090°K. A total of
417 operating points were tested. Radial pressure and temperature profiles were measured

at the position of the ejector exit plane at selected conditions. A data bank comprising all

of the results obtained during the program has been established and documented in the Com-
prehensive Data Report, NASA CR-134910. The aerodynamic performance data is presented
in terms of non-dimensional coefficients and thus can be applied to any size engine. The
acoustic data has been scaled 10X model size to represent the noise characteristics of a 1.27m
equivalent diameter nozzle.

6.1 ACOUSTICS RESULTS

The more significant results from the acoustic tests are summarized in this section. First,
the coannular unsuppressed nozzle results are presented, followed by the fan stream
suppressor nozzle results.

6.1.1 Coannular Unsuppressed Nozzles

®  Coannular unsuppressed nozzles were significantly quieter (up to 11 PNdB)
than predictions based on a coannular noise synthesis of two unmixed streams.
The 0.75 area ratio nozzle produced slightly more noise reduction than did the
1.2 area ratio nozzle. The coannular unsuppressed nozzles were also significantly
guieter (up to 7 PNdB) than single stream jets having the same thrust and flow,

® A model of the noise generation process for a coannular jet, based on the
measured acoustic spectra and velocity profile data, indicates that the beneficial
noise characteristics of the coannular unsuppressed nozzles are due to rapid
mixing and velocity decay inherent in an inverted velocity profile jet (i.e.,
Vf/V > 1). According to this analytical model, the lowest possible noise level
of an inverted profile jet would be the level generated by the primary stream
alone.

®  The addition of a hardwall ejector to the coannular unsuppressed nozzle pro-
duced up to 1 PNdB additional noise reduction. Incorporating acoustical treat-
ment on the inner surface of the ejector produced an additional noise reduction
of up to 1 PNdB beyond that obtained with the hardwall ejector.

®  The sound power and perceived noise levels produced at all operating conditions

where Vf/Vp > 1 were normalized for fan stream temperature, fan to primary
velocity ratio, and area ratios, and then correlated as a function of fan velocity.
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6.1.2

Fan stream Suppressor Nozzles

The use of three different types of fan stream suppressors with and without hard-
wall and treated ejectors produced various amounts of noise suppression, up to
a maximum of 18 PNdB relative to the synthesized prediction.

The convoluted suppressor with a 1.2 area ratio produced approximately the same
suppression as did the 0.75 area ratio. The noise levels of the various fan
suppressor nozzles were shown to correlate with factors relating to both geometry
and velocity profile measurements.

A summary of the noise suppression obtained by each of the suppressors with

and without hardwall and treated ejectors is presented in Figure 6-1 for one set

of operating conditions representing a typical duct-burning turbofan cycle.

(These conditions do not necessarily provide the maximum suppression demon-
strated in the test program.) The suppression is defined relative to the synthesized
coannular unsuppressed nozzle noise levels and also relative to the measured co-
annular nozzle noise levels. The muiti-tube suppressor clearly provided the most
suppression, with and without the hardwall and treated ejectors. The finger and
convoluted suppressors provided more modest reductions. For each configuration,
the hardwall ejector provided only slight reductions relative to the same configura-
tions without ejectors. The treated ejector provided a significant reduction relative
to the hardwall ejector.
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Figure 6-1 Jet Noise Suppression Summary for One Set of Typical DBTF Cycle Conditions, A i /A p= 0.75
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6.2 AERODYNAMIC PERFORMANCE

The relative aerodynamic performance of all the 0.75 area ratio coannular nozzles is
summarized in Figure 6.2. This comparison is based on the same flow conditions used for
the acoustic summary presented in Figure 6.1. 1t serves to illustrate the basic performance
characteristics established in the program. Similar trends were observed with the 1.2 area
ratio configurations, and at other operating conditions. The more significant results are:

®  The more intricate suppressors, such as the multi-tube and finger types, with
blunt regions between the elements exhibit significant performance losses of
as much as 3% relative to the unsuppressed baseline. The convoluted design,
which provides a well ventilated multi-element fan stream exit, is clearly better
from an aerodynamic point of view. '

®  The hardwall ejector used in this program improved the performance of the unsup-
pressed baseline, the multi-tube suppressor and the convoluted suppressor, in vary-
ing degrees up to 3% (ACv). It was, however, detrimental to the finger suppressor,
creating an additional performance loss of 1.5% (ACv). Ejector augmentation is a
complex interaction of many factors. The flow characteristics of the suppressor
itself, along with the size, location and particular contours of the ejector, influence
system performance. This points out the need for matching the ejector to the par-
ticular nozzle for best performance.

° Adding acoustical treatment to the gjector resulted in a performance loss
ranging from 0.5% (ACv) with the unsuppressed baseline to 4.5% (ACv) with
the multi-tube suppressor. These losses may be reduced somewhat by modifying
the design of the acoustical treatment. In general, the more elaborate suppressors,
providing high levels of jet noise suppression, result in a closely packaged exhaust
system, tending to aggravate this problem. The optimization of the exhaust
system characteristics will require careful tailoring of the major components to
achieve maximum bencfits.
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Figure 6-2 Aerodynamic Performance Summary for One Set of Typical DBTF Cycle Conditions, A f/Ap =
0.75

123



1448

Run #

PPy T((°K)

TEST CONDITIONS

V (mps)

0.75 Area Ratio Convergent Nozzle

4.01
4.02
4.03
4.04
4.05
4.06

20.02

20.03

20.04

20.05

21.01

21.02

21.03

72.01

22.02

22.03

22.04

22.05

23.01

23.02

23.03

23.04

23.05

24.01

25.01

Run #

2.64
2.42
1.80
1.54
1.31
1.15
3.15
2.54
1.82
1.53
2.52
2.01
1.53
3.05
2.53
1.80
1.54
1.16
3.21
2.50
1.80
1.53
1.29
1.30
1.30

Ptp/Pa

4149
426.3
413.2
403.4
396.1
388.7
719.7
702.2
705.5
699.7
825.0
816.7
813.3
884.4
896.1
901.7
894.4
915.0
1060.6
1061.7
1073.3
1087.2
1092.2
886.1
696.4

T[p (°K) Vp (mps)

450

4374
357.8
305.7
2444
173.7
640.1
577.6
4749
401.7
624.8
547.1
433.4
702.3
652.9
5319
456.6
274.0
816.3
707.7
580.0
502.9
395.0
361.2
3164

Pe/Py

0.75 Area Ratio Unsuppressed Coannular Nozzle

5.01
5.02*
5.03*
5.04
6.01
6.02
6.03
6.04
7.01
7.02
7.03
7.04
8.0t
8.02

hinbhhinthrhbhnala ata
NNOADWADLRAWWHRIDW

3821
381.6
381.1
395.6
7011
708.9
696.1
692.8
256.1
811.1
821.1
811.1
1058.9
1053.3

296.6
293.6
297.5
301.8
401.7
409.0
402.6
402.9
437.7
431.6
440.1
441.7
492.6
490.7

Ty °K)

380.1
3779
370.2
390.0
394.4
400.0
3933
386.1
398.9
401.1
396.1
388.9
397.8
401.7

Vf (mps)

418.2
340.2
168.0
473.0
473.4
4313
349.6
2387
477.3
431.6
353.0
243.8
477.0
432.2

OAPWL

170.0
167.8
153.6
147.4
141.6
130.7
178.6
1729
163.8
157.2
173.9
169.2
159.4
179.7
174.3
166.8
160.9
142.8
179.7
1749
168.2
163.0
154.5
1521
147.6

OAPWL

159.0
148.2
142.3
164.0
165.3
141.5
155.3
152.6
166.3
161.5
1571
155.8
166.1
162.5

6 = 60°

1024
100.6
82.5
76.1
69.0
63.1
106.9
101.8
86.8
82.3
100.5
90.0
83.6
110.2
100.4
88.5
84.4
71.8
106.8
99.7
89.9
86.7
80.6
78.7
75.9

95.8
77.0
70.8
101.8
100.0
99.5
78.0
74.5
100.2
85.1
79.4
77.3
99.2
96.2

75°

106.2
98.1
83.9
76.7
69.8
61.3

73.6

110.1

101.4
925

89.0

75°

96.5
80.8
73.9
98.7
97.1
91.2
78.6
749
94.6
99.2
77.3
75.8
927
83.3

ACOUSTIC DATA
PNL at 648.6 m S.L.
90° 105® 120° 130°
107.7 105.6 1059 100.6
103.6 102.5 102.0 100.5
86.2 88.1 892 869
80.4 822 324 B804
725 753 746 720
651 67.0 639 595
1.0 1103 111.8 1134
1044 1038 1053 106.5
921 947 973 98.0
874 89.7 917 920
1034 1040 106.3 1084
954 984 101.5 1028
89.0 91.5 937 940
110.7 1111 1130 1160
103.8 104.9 107.3 1069
942 97.0 998 1009
90.0 926 9349 952
75.7 771 774 764
1121 1115 114.0 116.6
103.6 105.6 108.5 1124
95.6  98.6 101.5 1028
92.0 94.60 96.8 Y74
857 87.7 88.8 890
83.8 856 868 868
80.3 81.8 816 824
PNL at 648.6 mS. L.

90° 105° 120° 130°
989 96.6 986 947
815 837 843 838
756 769 77.5 757
101.1 103.5 101.1 9838
101.7 1029 1033 1021
98.8 98.1 100.0 95.6
84.8 88.0 899 886
813 846 863 847
101.0 105.5 1023 100.9
98.6 1003 99.1 96.2
859 892 914 895
838 87.1 894 871
101.5 1024 1029 999
98.1 992 992 969

140°

80.3

140°

100.7
1014
95.5

89.6

86.3
104.0
96.9
91.3
89.7
1023
97.8

150°

101.3
101.7

783

56.5
114.0
109.2

98.1

88.9
108.8

104.8

1132

75.6

150°

88.4
77.1
70.9
97.6
97.7
91.5
87.3
84.1
101.0

93.0 -

39.4
88.1
101.5
95.2

165°

61.1

165°

75.0

30.8
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gci

Run #

8.03
26.01
26.02
26.03
26.04*
27.01
27.02
27.03
28.01
28.02
28.03
28.04
29.02
29.03
29.04
30.01
30.02
3101
32.01
32.02
33.01
34.01
34.03
34.04
35.01
35.02
35.03
35.04
36.01
36.02
36.03
36.05
37.01
37.02
37.03
37.04
38.01
38.02
38.03
39.01

PrplPy

PRV RVET RV RV RV Y
GO 10 W W0 W W

thirtriaintnin n
PORA RN R R RO )

Tip (°K) Vp (mps)

1053.9
400.1
404.1
3875
3849
401.1
408.2
402.2
423.2
413.6
414.1
407.8
705.2
696.3
695.1
705.0
699.7
3899
693.7
703.6
697.2
713.7
701.6
697.1
812.8
803.2
803.5
806.7
811.1
8104
791.4
809.9
819.4
809.2
805.7
809.0
811.7
809.9
808.1
789.6
810.4
808.9
821.1
809.2
805.9
830.0
812.2
809.1

495.9
303.8
302.8
296.7
297.5
303.6
304.4
301.9
311.8
309.7
310.0
306.6
402.6
400.8
396.2
402.6
402.3
2972
399.9
3975
399.3
400.2
3999
406.9
4298
429.5
429.8
431.0
428.2
43].3
429.2
431.0
428.5
431.0
429.8
433.1
545.9
547.7
543.5
538.0
541.6
546.5
628.9
616.3
614.2
624.2
610.8
613.0

TEST CONDITIONS

1.79
3.22
2.48
1.80
1.29
3.16
251
1.78
4.08
3.21
249
1.80
317
2.50
1.78
319
249
1.29
1.29
1.78
1.29
4.11
2.55
1.80
3.15
2.49
1.79
1.30.
3.17
2.49
1.78
1.29
4.03
3.18
2.46
1.78
312
1.80
1.31
4.12
2.47
1.79
3.19
1.80
1.31
4.04
2.48
1.78

PetlPa Tyr (°K)

396.1
703.0
706.4
705.4
688.7
893.9
892.8
885.6
1090.6
1077.2
1066.1
1077.2
705.9
704.9
704.2
901.7
898.9
903.9
905.0
898.9
683.5
1101.1
1094.4
1082.8
703.6
695.8
706.1
698.9
899.4
897.2
898.3
890.0
1089.4
1097.8
1095.0
1089.4
705.9
705.7
708.6
1093.3
1085.6
1086.7
708.4
701.8
694.5
1100.0
1093.3
1084.4

V¢ (mps)

349.0
637.6
573.0
468.8
3103
716.3
048.9
521.5
864.1
793.1
708.4
582.5
635.2
5739
464.2
721.8
648.6
3594
358.1
534.0
3127
870.5
725.1
582.8
632.8
573.0
465.7
320.6
724.5
653.2
534.0
357.2
860.5
797.4
713.8
579.7
631.5
468.8
3234
867.8
711.4
582.5
637.9
467.6
320.6
865.3
715.7
578.2

OAPWL

160.4
166.8
161.3
153.3
145.1
167.3
163.3
155.3
170.8
168.2
164.2
157.2
167.1
162.6
156.4
168.3
163.8
146.1
152.3
157.1
152.1
171.9
165.0
159.3
167.8
163.7
158.9
156.4
169.3
165.2
159.7
156.1
172.7
169.7
165.3
160.1
170.9
166.5
165.5
174.9
170.2
167.6
174.1
172.0
171.6
176.3
173.6
171.7

8 = 60°

81.7
98.0
92.0
824
75.1
98.1
91.6
83.7
101.0
97.3
90.9
84.7
99.2
93.5
83.3

97.9
92.2
76.7
804
85.2
79.6
101.7
90.6
85.9
101.0
94.3
84.7
81.4
98.4

104.8

75°

70.5
101.6
95.9
84.8
71.0
100.9
94.7
86.4
103.6
100.0
95.0
88.1
101.6
96.4
85.7
100.7
95.3
78.7
824
87.8
81.6
104.4
95.1
88.8
102.3
98.9
87.3
83.7
101.1
96.1
88.2
83.3
105.2
100.7
95.3
89.0
98.1
89.6
87.8
108.4
96.8
91.9
101.2
100.4
100.5
104.3
102.0
100.2

ACOUSTIC DATA

90°

88.1
101.5
95.7
874
79.1
101.2
95.8
89.2
104.0
101.3
97.0
91.0
101.3
96.4
88.9
101.4
96.4
81.0
85.1
90.8
84.1
104.3
96.5
91.9
101.4
96.3
90.2
86.1
101.5
96.6
91.2
86.4
104.4
101.8
96.9
92.6
99.0
93.2
91.6
104.4
99.1
95.3
103.1
101.2
101.2
106.0
103.4
101.2

105°

91.6
103.3
98.1
89.9
80.5
102.4
98.3
91.7
105.9
103.3
99.8
93.5
101.5
97.5
91.0
102.3
98.6
823
86.3
929
85.6
105.8
99.1
94.1
102.3
98.6
73.1
88.8
103.4
100.1
94.2
88.3
108.4
103.5
100.2
94.8
101.6
95.8
94.7
107.4
102.2
98.5
104.8
102.5
102.3
108.6
105.3
102.5

120°

94.1
103.6
98.9
91.8
81.2
104.9
101.7
93.8
108.8
106.3
103.2
96.1
103.1
99.2
93.0
104.8
101.1
83.9
88.2
95.4
87.5
108.6
1023
96.7
101.0
99.9
94.5
89.8
105.1
101.8
95.8
90.0
108.9
106.2
102.4
96.9
104.5
98.8
97.2
109.7
104.6
100.7
107.0
104.4
104.3
1103
106.8
104.2

PNL at 648.6 m S.L.

130°

91.6
104.5
99.3
90.9
80.4
105.7
102.1
93.2
109.1
106.7
102.8
95.3
104.1
99.3
93.0
105.7
101.2
824
88.2
94.7
87.9
109.8
102.6
96.1
105.3

111.5

101.9
109.4
106.8
106.8
112.8
108.7
106.2

140°

95.1
105.1
97.9
88.3
78.1
104.9
100.2
91.0
108.6
106.0
100.7
93.1
104.6
99.2
91.0
106.1

79.5
86.6
924
86.5
109.8
102.0
943
106.4
99.2
93.2
89.9
106.9
101.9
94.2
89.9
110.8
107.4
102.0
95.1
108.1
102.3
101.4
112.6
107.3
103.8
113.1
111.5
110.2
114.9
12.1
110.3

150°

934
101.8
93.9
83.3
73.3
101.3
96.5
86.0
105.0
102.1
97.0
88.0
102.5
96.9
873
103.6
97.9
73.9
83.5
89.2
83.7
106.4
99.2
91.7
103.7
974
90.9
383
104.6
99.6
92.1
87.7
107.4
104.8
99.5
93.0
107.1
101.6
100.7
109.6
105.7
103.0
108.8
106.1
106.7
109.9
107.9
105.8

165°

78.4
85.7
74.6
66.6
56.3
85.6
79.7
70.0
85.8
827
80.1
70.2
83.0
79.3
723
81.7
78.2



L
[\
(o)

Run#  Pyp/P,
42.01 1.53
42.02 1.54
42,03 1.52
42.04 1.53
43.01 151
43.02 1.54
43.03 1.55
43.04 1.52
4401 1.53
44.02 1.54
44,03 1.54
44.04 1.53
48.01 1.55

404.01 27

404,02 272

404.03 2.72

404.04 o

404.05 2.71

404.06 1.16

404.07 114
0.75 Area Ratio
49.01 1.53
49.02 1.53
49.03* 1.54
50.01 1.53
50.02 1.53
50.03 1.53
50.04* 152
51.01 1.52
51.02 1.52
51.03 1.53
51.04* 154
52.01 1.53
52.02 1.54
52.03 1.53
53.01 1.52
53.03 1.54
53.04 1.53
54.01 i.53
54.02 1.54
54.03 1.52
54.04 1.54
55.01 1.52
55.02 1.53
55.03 1.55

Tel°K)

1087.8
1096.7
1095.0
1093.9
1088.9
1095.0
1087.2
1086.7
1098.9
1077.2
1100.0
1083.9
1078.9
694.8
701.9
699.3
703.5
700.7
390.8°
360.7

Multi-tube Suppressor

385.0
402.7
396.8
409.2
407.5
4019
392.8
4193
418.5
410.9
396.9
4443
404.0
419.1
8222
7219
805.2
825.6
810.0
808.3
791.9
821.1
817.8
807.9

TEST CONDITIONS

Vp (mps)

503.2
506.6
499.9
502.6
494.7
508.4
507.5
499.6
504.4
504.1
508.1
502.6
499.3
592.2
595.6
594.7
595.0
594.1
179.3
164.9

298.0
303.5
304.7
306.0
306.0
304.6
298.7
308.5
309.1
306.6
30s.1
321.0
306.3
310.0
432.5
428.5
433.1
437.1
4349
430.1
430.1
432.5
435.3

Pyf/Py

3.23
2.50
1.81
1.29
3.13
2.53
1.79
1.30
4.09
3.19
2.53
1.80
1.29
0.05
1.95
1.44
1.30
1.26
1.26
1.94

Tee (°K)

720.1
691.4
706.8
692.4
930.0
905.0
880.0
900.0
1108.9
1082.8
11333
1081.1
390.8
516.1
3725
701.6
899.4
1092.8
1095.6
357.8

380.1
390.7
380.6
699.2
699.9
699.3
698.4

893.3
897.8
894.4
1103.9
1090.0
1090.0
3925
375.7
374.1
703.8
684.4
685.4
699.3
895.0
907.8
907.2

V¢ (mps)

646.5
568.1
472.1
3127
7279
655.9
5233
361.2

467.6
347.8
2353
633.1
5718
466.0
320.6
722.1
645.3
528.2
360.6
871.1
718.4
588.3
465.7
3389
2334
635.8
565.4
463.0
3173
719.9

5325

OAPWL

170.9
166.6
162.6
160.5
170.5
167.8
163.5
160.4
173.8
170.9
168.6
163.4
160.2
175.0
173.8
174.3
175.6
175.5
145.2
147.8

6 =60°

107.3
100.8
92.4
884
102.4
100.3
93.8
88.8
107.1
101.9
99.5
94.3
87.2
102.3
102.0
101.8
104.3
106.6
75.9
78.7

91.5
78.7
516
90.5
5t6
5t.6
51.6
283
28.3
516
51.6
63.9
51.6
51.6
283
824
79.3
90.4
89.7
85.4
80.7
90.8
90.4
86.9

75°

95.9
84.3
756
99.7
934
88.0
78.5
100.0
93.8
88.9
80.0
102.5
95.4
89.4
100.0
84.6
83.3
98.4
91.8
87.9
83.7
98.7
92.2
89.2

ACOUSTIC DATA

90°

1023
97.0
91.6
88.5

100.9
97.8
92.7
88.8

104.1

101.0
98.2
93.1
88.7

106.6

104.3

104.8

106.9

108.6
80.4
82.1

94.5
84.8
76.8
97.4
93.7
88.9
79.0
98.2
94.6
90.1
81.1
101.0
95.5
90.8
97.3
86.8
84.0
97.8
94.4
90.0
85.1
98.5
95.5
91.5

PNL at 648.6 m S.L.

105°

104.0
99.3
94.8
91.6

103.4

101.1
96.1
91.6

107.0

103.9

102.0
96.4
91.7

108.1

106.0

106.3

107.6

106.7
83.2
85.0

95.5
86.0
77.8
99.2
96.4
91.4
81.0
100.8
97.9
92.7
83.0
103.2
99.3
94.1
97.5
88.6
86.3
99.3
96.8
91.9
874
100.8
98.2
94.0

120°

105.0
101.3
97.0
93.7
105.3
102.9
98.1
93.8
108.8
105.7
103.7
98.1
93.6
107.4
106.5
107.5
107.1
107.5
83.5
85.1

94.3

71.6
99.5
96.9
91.7

101.3
98.5
93.9
83.5

104.2
99.9
95.1
96.1
88.6
87.3
99.7
97.2
92.7
87.2

101.0
98.8

94.4

130°

106.0
101.8
979
95.3
106.5
103.4

98.7.

95.0
110.6
106.9
104.4

98.5

94.8
110.6
107.5
1094
109.2
109.7

81.6

84.4

93.5
84.6
76.8
98.8
95.9
90.0

81.2.

100.1
97.7
92.2
81.4

104.2
98.9
93.9
95.9
89.0
87.8
99.5
97.4
92.8
87.8

101.0
98.9
94.7

140°

108.6
102.1

95.4
107.8
103.9

98.5

95.0
1S
108.0
104.9

98.3

94.9
113.2
115.5
111.7
114.2
114.7

783

83.2

91.4.

81.8

74.8 .

96.4
93.5
87.5
76.8
971.5
94.8
89.2
78.4
102.0
95.4
90.9
94.5
88.6
87.0

97.4 -

95.4
90.6
87.2
98.7
96.5
92.8

150°

107.1
101.1

93.7
105.5
102.2
-97.1

93.1
108.6
105.8
102.8

96.8

93.7
1124
1109
1104
113.5
113.1

73.5

79.4

86.4
76.9
70.9
91.0
879
81.9
70.7
92.0
88.5
834
72.5
98.0
89.4
83.7
91.5
86.5
85.7
93.8
92.0
88.1
85.5
95.0
92.7
89.5

165°

86.5
826

783
87.4
82.8
81.0
74.7
91.0
90.1
82.8
81.6
8L.0
97.8
96.4
95.6
98.7
98.7
58.2
64.7

69.3
60.6
579
72.7
69.3
62.7
56.5
729
68.3
63.6
57.5
822
67.5
62.6
76.7
73.2
74.1
784
76.8
133
73.0
79.8
713
74.2



Lel

TEST CONDITIONS ACOUSTIC DATA

OAPWL PNL at 648.6 m S.L.

Runf  Pyp/Py  Typ (°K) Vp(mps) Py/Py  Typ(°K)  Vi(mps) 6=60° 75° 90° 105° 120° 130° 140° 150° 165°
55.04 1.53 8058 431.6 131 8939 364.8 155.6 81.1 843 915 870 878 881 876 89.0 766
56.01 1.52 8117 4285 4.09 1091.1 865.0 167.5 98.3  100.7 101.0 103.3 104.2 1044 102.8 100.6 87.4
56.02 1.55 8122 4395 249 1087.8 715.4 161.9 86.2 945 96.1 989 996 994 968 927 764
56.03 .53 805.1 4304 1.78 1093.3 581.6 158.3 87.5 89.2 924 948 957 959 93.6 892 740
204.01 1.99 3943 3441 3.18 7124 638.9 166.6 964  100.0 97.7 100.5 100.7- 101.4 102.4 1002 86.2
204.02 1.99 806.8 541.0 1.80 704.6 469.7 163.0 86.1 90.1 91.1 945 960 973 993 97.0 822
204.03 1.99 8050 5404 1.30 6939 317.6 162.6 84.2 864 889 925 948 962 987 973 827
205.01 1.99 8064  540.7 4.06 1108.9 870.5 170.3 98.7  102.1 100.7 1039 1048 105.5 1059 1050 91.0
205.02 2.00 7983 5398 2.50 10933 718.1 165.6 91.6 96.2 964 100.1 1007 101.0 101.4 99.2 845
205.03 2.00 7846 5349 1.78 1068.3 575.8 163.6 88.0 92.8 933 970 978 984 997 975 823
206.01 248 8106  614.2 320 7134 641.0 170.0 98.0 101.5 99.5 101.9 102.5 1049 107.4 103.6 88.1
206.02 251 8043  615.1 1.80  707.4 470.3 168.7 96.7 97.9 987 100.3 1013 103.6 106.7 1022 87.1
206.03 249 8059 6136 1.29 7042 314.2 168.9 97.3 98.0 98.5 100.1 101.6 103.7 107.7 102.7 87.2-
207.01 249 8086 6145 4.09 1094.4 865.9 1728  100.0  103.6 102.1 104.7 1059 107.6 110.2 106.8 91.1
207.02 2.53 8021 6163 2.55 1089.4 723.6 169.8 98.4  100.1 100.5 102.5 103.0 1047 107.3 103.2 86.7
207.03 250 8022 6133 1.79 1083.9 580.3 168.0 96.3 97.4 979 99.8 100.5 102.6 1059 101.2° 855
0.75 Area Ratio  Multi-Tube Suppressor With Hardwall Ejector

57.01 1.54 4007 304.8 250 698.4 571.2 156.7 86.5 920 926 956 970 91.8 856 80.1 648
58.01 1.53  413.8  306.6 250 903.9 657.1 157.5 86.4 920 933 97.5 982 927 877 825 663
60.01 1.54 4184 3127 250 1095.0 718.7 157.9 86.8 925 941 986 979 932 89.1 838 67.5
60.02 1.55 3946  304.8 1.80 1097.2 587.0 153.4 83.1 874 893 932 948 885 831 768 63.1
61.01 1.54 8044 4337 2.50  704.0 573.6 158.2 85.7 913 924. 958 971 91.7 904 882 755
62.01*  1.54 3767  296.3 1.80 368.3 3386 146.4 78.2 822 825 846 843 839 773 738 61.2
62.02*  1.54 3756  296.3 130 363.3 2292 141.8 7.7 75.5 754 774 710 767 738 708 57.8
63.01 1.53 3944 3012 1.80  700.0 467.8 151.3 80.9 854 869 904 925 876 -804 753 613
64.01*  1.54 3961 3036 1.80  906.1 533.4 152.9 82.0 869 885 928 944 884 819 768 62.7
64.02* 153 3856  298.1 1.30 8983 363.9 145.1 75.8 79.1 80.0 834 838 806 758 726 .59.0
65.01* 154 3778  297.5 131 697.8 322.5 144.4 74.8 78.0 79.1 81.8 824 806 755 725 59.2
66.01 1.53 8167 43506 130 678.3 313.9 152.4 79.5 82.4 835 857 868 872 862 839 73.0
67.01 1.53 8089  433.1 1.31 889.4 363.3 152.6 79.8 81.9 839 866 872 872 860 840 73.0
68.01 1.53 8217  437.1 1.80  703.9 469.4 154.8 81.7 859 878 91.5 931 891 877 858 736
69.01 1.54 8122 4365 1.80 9122 535.5 155.7 82.9 875 89.0 93.6. 949 893 878 858 73.1
70.01 - 1.53 7983  430.7 1.80 1088.9 585.2 156.0 83.2 879 89.7 942 953 893 878 859 733
72.01 1.53 8194 4279 3.20 3989 467.3 158.2 87.1 92.8 929 953 946 922 91.1 893 755
72.02 1.53 8038 4322 1.82  386.4 349.0 152.6 79.4 83.1 84.1 87.1 876 876 861 840 72
72.03 1.54 7992 4316 130 3822 235.7 152.3 78.1 80.8 827 855 8.5 871 861 837 73.0
73.01 1.54 8089  436.2 3.20 7139 641.0 160.6 90.2 97.0 96.7 989 976 943 928 906 74.3
75.01 .54 8090 4304 3.19  906.7 720.2 161.3 90.5 96.6 97.0 99.7 970 959 941 91.8 788
75.02 1.54 8050 4334 251 902.8 652.3 158.5 86.3 914 932 97.6- 965 924 905 881 745
77.01 1.54 4447  316.7 4.09 1095.0 866.2 164.4 94.6 99.1 99.2 102.6 101.9 1023 99.5 955 79.9
78.01 1.53 4068 2935 3.19  405.7 463.6 155.5 88.4 93.6 93.0 950 93.7 908 866 814 662

79.01 1.55 418.2 313.6 3.22 6972 634.6 159.0 90.3 96.9 964 986 978 933 900 847 684



—
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o
Run#  Pgp/Py
80.01 1.53
82.01 1.53
82,02 1.53
0.75 Area Ratio
83.01 1.53
83.02 1.53
83.03* 1.52
84.01 1.54
84.02 1.53
84.03 1.52
84.04* 1.52
85.01 1.53
85.02 1.52
85.03 1.54
85.04* 1.54
86.01 1.53
86.02 1.53
86.03 1.53
88.01 1.52
88.02 1.54
88.03 1.53
89.01 1.52
89.02 1.52
89.03 1.52
89.04 1.54
90.01 1.53
90.02 1.54
90.03 1.52
90.04 1.50
91.01 1.52
91.02 1.51
91.03 1.55
92.04 1.98
92.02 1.97
92.03 1.99
93.01 1.97
93.02 1.99
93.03 1.97
94.01 2.45
94.02 247
94.03 249
95.01 2.49

Tept®K) Vp (mps)

432.8
804.4
603.5

Multi-Tube Suppressor With Treated Ejector

399.6
398.2
390.4
411.0
405.1
398.9
3875
406.7
415.7
400.4
387.8
434.1
425.6
414.2
816.1
806.3
823.9
809.9
808.5
802.6

807.6"

804.8
810.0
806.3
804.4
811.1
807.1
811.7
806.6
810.7
805.4
820.6
805.7
807.3
812.2
816.7
802.6
812.8

315.8
430.1
431.3

301.1
302.6
302.6
304.8
303.9
303.9
299.0
306.3
304.2
303.3
299.0
310.0
310.6
307.5
432.8
430.7
428.9
430.7
428.5
4313
4279
427.6
426.4
428.2
430.4
427.0
427.0
428.2
539.2
5389
539.8
542.2
539.8
537.1
611.7
615.4
611.7
616.3

TEST CONDITIONS

PyiiPy

3.18
4.05
2.49

3.21
1.80
1.30
3.20
2.50
1.79
1.31
3.19
2.50
1.80
1.31
4.10
2.51

Ty CK)

902.2
1083.3
1092.8

399.4
392.3
381.3
707.8
701.4
697.7
689.9
907.8
900.6
876.7
907.2
1098.3
1092.2
1085.6
3737
3716
365.3
703.8
698.1
698.6
699.9
903.3
892.8
895.0
893.3
1102.2
1085.0
1079.4
702.6
706.7
690.1
1084.4
1081.1
1090.6
704.3
703.4
686.7
1102.8

¥ (mps)

721.2
859.2
7175

90.4

97.7

75°

96.7
98.2
91.3

86.6
79.1
72.6
92.3
87.4
81.9
759
92.0
88.0
83.5

95.7
88.9
84.8
84.8
80.4
79.0
90.1
86.3

80.5
91.7
88.5
84.3
80.6
94.5
88.1
86.1
93.7
87.8
88.3
98.4
91.2
88.7
96.4
97.3
99.2
99.8

90°

96.6
98.2
93.8

87.7
789
73.0
93.8
88.7
82.8
75.2
93.6
89.8
84.5
77.6
96.6
90.8
85.6
86.8
28.3
81.4
92.3
87.9
83.8
820
93.7
90.5
85.3
82.1
96.1
90.1
87.0
94.3
88.6
89.6
98.8
93.1
89.7
99.1
99.3
100.6
28.3

105°

99.3
101.6
98.3

91.2
80.6
74.5
95.8
92.4
86.9
79.0
96.7
94.2
88.9
81.8
100.5
95.3
90.0
89.9
84.0
84.3
95.0
91.8
3876
84.7
97.0
94.6
89.4
84.8
100.0
94.5
91.6
91.7
91.8
92.5
101.9
96.9
933
99.6
99.2
100.6
103.8

120°

98.0
101.9
97.4

90.9
81.5
75.0
95.3
934
87.9
789
96.4
94.5
89.8
81.7
100.8
95.1
91.1
90.8
20.9
81.3
94.8
925
88.7
85.8
96.4
93.9
89.4
85.6
100.3
89.3
91.6
97.0
93.8
94.6
102.2
96.1
94.0
100.4
100.1
101.4
104.2

ACOUSTIC DATA

PNL at 648.6 m S.L.

130°

94.5
102.3
92.2

88.3
79.7
75.1
92.5
88.8
83.7
77.8
94.2
90.1
85.3
79.9
101.4
915
85.7
90.6
86.2
86.5
93.5
89.9
8173
86.5
95.1
92.1
87.9
86.4
100.6
91.8
89.5
97.8
95.5
96.3
89.5
96.3
94.7
102.6
102.3
103.3
106.0

140°

91.5
100.3
89.7

105.3

109.1

150™

86.5
97.4
86.5

80.5
7.2
68.5
85.0
79.9
721
68.9
87.4

743
1.9

83.7
75.2
88.2
84.2
84.2
90.3
86.7
84.7
83.9
90.5
88.7
34.6
83.8
96.8
87.9
86.2
979
96.2
97.6
103.2
96.5
95.2
102.2
100.0
101.8
105.8

165°

69.7
814

‘71.8

65.7
60.4
57.2
69.6
64.9
59.5
513

66.5
62.6
60.6
826.
68.4
62.2
4.7
72.0
72,9
71.5
733



6CI

Run #

95.02
95.03

0.75 Area Ratio Convoluted Suppressor

9.01
9.02¢
9.03+%
10.01
10.02
10.03
11.02
11.03
11.04*
11.05*
12.01
12.02
12.03*
13.01
13.02
13.03*
13.04*
14.01
14,02*
14.03*
15.01
16.01
16.02
16.03
18.01
18.02
18.03
19.01
208.01
208.02
208.03
209.01
209.02
209.03
210.01
210.02
210.03
211.01
211.02

Ptp/Pa

2.50

TipCK)  Vp (mps)

804.9

246 8083

W WRLEDWWWRERWWDRAR W

VDuahbianbbhhbbbbnbhbuabbhuhnuhhnhbhuniiaia
N

VWivwvWwawuy b WwwhWw

401.6
403.2
3943
824.4
813.3
815.0
408.8
413.2
405.7
396.3
414.8
407.2
396.8
397.1
398.6
393.4
385.7
844 4
800.6
813.3
820.1
796.6
795.4
802.4
816.7
817.2
804.0
814.4
803.9
§05.0
808.3
805.0
799.4
800.6
802.8
803.9
798.9
807.2
802.2

TEST CONDITIONS

614.5
610.5

299.6
300.5
303.2
431.6
433.4
431.7
307.5
308.5
306.0
303.5
310.9
306.9
303.5
301.3
3028
302.3
300.7
440.4
4325
439.5
437.4
4319
435.3
439.5
434.0
4401
427.3
434.0
540.1
538.6
542.2
538.3
539.2
540.1
611.1
6129
610.2
614.5
613.6

Ptf/Py

2.48
1.78

e =W
W ~J 1w W~ =
QLI — O 0

3:23

1.34

W =t by 1
It WO0— 00 n— I loioth
—_ee— = OO — WO D —t0O

w

[.78
1.30
4.07
2.51
1.80
3.17
1.80
1.29
4.06
2.49

th (OK)

1090.6
1096.1

401.7
398.3
386.8
396.9
396.2
386.7
907.8
898.9
896.1
930.6
1100.0
1085.6
1091.1
708.7
702.3
703.9
707.3
893.9
882.2
901.1
716.2
1101.7
11117
1103.3
701.2
707.8
705.4
902.2
709.4
695.6
700.6
1104.4
1097.2
1084.4
710.0
703.3
719.4
1098.9
1105.0

Vi (mps)

71s.1
5822

470.3
344.1
238.8
4726
347.5
237.5
7279
649.8
526.7
383.1
863.2
718.7
590.1
639.2
574.2
476.7
3399
648.0
530.0
368.8
577.3
869.9
728.8
592.5
634.9
470.6
323.7
7239
639.8
462.7
319.1
869.3
721.2
584.3
637.3
469.1
317.3
866.5
720.5

OAPWL

167.6
167.0

160.3
148.0
144.2
[62.3
155.8
153.8
165.7
161.5
156.8
149.5
170.3
163.3
158.5
163.9
159.7
153.3
147.8
163.2
158.7
154.0
161.6
171.9
164.4
161.3
165.2
157.5
152.9
163.4
168.9
164.3
162.7
173.7
167.9
165.0
171.8
169.2
168.2
175.3
171.1

0 =60°

94.6
95.2

98.8

97.9
101.9
98.3

ACOUSTIC DATA

PNL at 648.6 m S. L.
75°  90°  105° 120° 130°

96.5 283 99.7 99.8 882
967 98.1 99.0 99.1 8738

- 994 99.0 969 95.7
- 82.6 84.1 845 84.0
- 768 778 715 76.6
- 99.7 997 98.0 97.1
- 85.5 88.1 894 896
- 838 86.6 87.8 874
- 101.0 101.9 103.8 104.3
- 95.6  93.2 100.4 100.2
- 939 939 96.5 944
- 86.3 879 878 850
102.7 1029 1049 107.7 109.9
94.0 96.7 99.8 102.1 1029
89.5 929 95.7 97.7 98.0
99.3 998 99.9 1009 1027
884 947 950 975 904
86.1 882 903 916 919
80.8 &44 853 B854 852
7.1 959 985 1003 1021
- 9.6 941 953 96.7
- 868 834 838 89.3
784 948 963 97.8 100.0
- 102.9 106.2 107.8 109.0
- 97.0 101.0 1024 101.8
- 96.5 98.7 1004 99.2
-- 100.1 100.7 101.8 102.2
- 896 919 932 933
- 88.5 89.5 89.5 88.7
- 1003 101.5 103.3 103.5
99.7 999 101.8 102.2 103.8
89.6 92.0 949 969 98.9
87.6 907 933 933 969
101.4 1029 106.2 108.3 110.6
96.8 97.2 100.7 102.5 1033
93.1 955 97.6 100.0 100.t
100.8 101.6 102.8 104.4 106.6
98.2  99.2 100.3 101.8 1043
98.3 99.3 100.2 1014 103.6
103.6 1059 107.8 109.2 112.1
100.0 101.2 103.0 1044 106.4

140°

104.9
104.9

94.0
82.0
753
96.4
89.9
87.4
102.2
97.3
90.6
81.3
107.6
99.3
93.4
99.%
95.8
88.6
80.7
9R.5
93.3
87.8
96.9
109.6
99.8
95.5
100.8
92.3
60.9

105.0
100.4
99.1
111.9
104.2
100.9
109.7
107.0
106.4
114.3
109.3

150°

101.5
100.6

165°

85.3
83.6

74.0
62.5
58.2
31.1
74.2
72.7
82,9
753
67.4
61.5
89.9
78.1
70.0

73.6
66.4
61.0
52.3
76.3
72.6
80.5
92.1
84.2
77.9
84.6
723
67.9
85.5
88.9
82.5
§1.0
88.7
85.4
§1.6
88.6
85.7
818
87.5
84.5



0¢l

Run #

211.03

Pp/Py

2,51

Ttp CK) Vp (mps)

795.6

TEST CONDITIONS

611.4

Pyf/Py

1.81

Ty CK)

1086.1

0.75 Area Ratio Convolated Suppressor With Hardwall Ejector

105.01
105.02
105.03
106.01
106.02
106.03
106.04
107.01
107.02
107.03
107.04
108.01
108.02
108.03
109.01
109.02
109,03
109.04
110.01
110.02
110.03
110.04
111,01
111.02
111,03
112.01
112,02
112.03

e e e e e o e e e e e e e e e e e
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385.1
397.3
391.9
404.3
389.2
391.7
3914
407.7
407.3
397.1
384.6
426.4
419.9
396.7
818.3
807.4
810.0
804.3
811.7
8133
812.2
810.8
815.6
804.6
810.6

815.0°

807.5
807.6

296.2
301.1
300.7
303.5
2984
300.3
298.9
306.0
303.3
300.5
295.5
313.0
307.8
300.5
432.2
424.3
429.8
429.8
4303.8
431.6
428.5
433.4
429.5
432.2
425.5
434.0

3.17
1.80
1.30
3.20
2,50
1.79
1.30
3.7
248
1.79
1.29
4.08
247
1.78
3.20
2,51
1.80
1.30
3.19
2.49
1.79
1.30
4.05
2.50
1.78
3.18
1.80
1.29

381.7
387.6
378.2
708.4
672.3
696.7
698.9
896.7
892.2
885.0
896.1
1077.2
1069.4
1073.3
702.1
699.2
6928
676.0
897.8
893.9
891.7
896.1
1087.8
1078.9
1087.8
393.2
386.1
376.6

0.75 Area Ratio Convolated Suppressor With Treated Ejector

96.01
96.02
96.03
97.01
97.02
97.03
97.04
99.01

1.52
1.53
1.52
1.52
1.52
1.53
1.53
1.52

400.6
392.7
386.6
399.2
395.8
390.4
381.9
394.0

301.8
301.2
296.6
30L.6
294.7
300.1
296.5
298.5

3.19
179
1.29
3.19
2.50
179
1.29
2.50

393.2
383.3
373.5
702.8
702.2
699.5
687.1
904.4

V¢ (mps)

586.7

464.5
346.9
2334
638.6
560.2
463.9
318.8
718.1
644.3
524.0
357.2
858.6
706.5
587.0
635.5
572.7
464.5
3146
720.2
641.1
526.7
361.8
861.1
7141
583.7
472.1
3459
2314

4727
343.8
229.5
634.9
5715
466.0
3127
651.4

OAPWL
0=60° 75°

169.3 97.8 99.3

156.4 87.9 91.3
148.5 80.1 84.5
143.7 73.4 78.8
163.2 95.1 102.0
158.4 91.2 85.6
152.1 823 28.3
144.9 76.0 78.4
164.6 95.2 99.7
160.9 90.7 96.5
154.5 83.9 88.0
146.3 7.1 79.5
169.4 97.7 102.4
162.3 91.2 96.9
156.8 35.2 89.3
164.6 95.8 99.9
161.3 91.0 96.8
156.3 834 36.7
153.2 80.4 83.0
165.6 95.5 99.9
162.0 91.1 96.3
157.5 84.9 88.5
153.7 81.1 83.5
1745 97.2 101.2
163.3 9.7 97.1
158.4 84.8 89.3
161.6 91.8 96.4
154.1 80.8 83.0
152.6 78.8 829

156.6 89,7 91.0
147.4 80.0 80.6
153.6 729 74.5
161.8 95.1 98.5
157.1 89.6 93.1
150.2 81.9 833
144.0 75.0 7741
158.6 90.1 929

90°

100.2

91.4
83.7
77.2
100.3
95.4
87.0
.1
99.4
96.4
89.9
80.5
102.7
917.9
91.2
98.8
95.6
88.0
83.7
99.8
96.4
90.2
84,7
102.0
98.0
9Il4
95.0
84.2
82.7

91.9
82.1
74.9
98.0
93.1
85.6
7.8
93.9

ACOUSTIC DATA

PNL at 648.6 m S, L.
105° 120° 130°

101.2 102.5 104.7

924 93.t 93.2
843 838 839
788 789 78.1
101.0 101.0 99.8
918 979 96.7
90.7 919 907
81.6 81.7 8IS
102.5 103.3 102.2
100.1  99.7 98.7
93.8 93.6 927
83.4 848 83.0
105.9 107.9 108.2
101.9 103.5 99.3
959 984 937
101.3 101.7 100.8
984 99.1 970
91.5 933 917
86.8 878 877
102.6 103.6 1023
100.2 1014 98.1
944 966 93.2
87.5 885 883
106.0 107.7 1089
1023 101.6 989
965 974 9238
97.0 96.2 96.1
86.8 875 879
864 863 867

934 934 928
83.0 824 820
76.5 1764 176.1
100.0 99.7 98.7
95.1 958 934
87.5 88.7 869
79.5 19.7 178.6
96.7 98.5 956

140°

106.9

9t.1
79.4
96.4
96.5
90.1
81.9
75.5
90.9

150°

101.8

87.0
75.8
71.8
92.6
86.1
78.3
72.2
954
88.3
79.7
71.9
101.2
88.8
80.4
96.1
91.1
86.7
84.3
97.2
92.0
87.0
84.7
105.9
94.2
88.1
93.1
85.4
83.9

87.3
75.7
71.5
92.5
85.4
715
.5
87.2

165°

83.5

71.4
62.0
57.4
74.7
69.7
62.6
57.6
79.2
70.8
63.5
56.8
84.6
71.0
63.9
81.6
76.0
1.5
69.3
80.0
76.3
723
69.9
89.8
80.1
T3
78.9
i1
68.9

723
61.3
57.1
75.5
7.1
62.2
48.5
70.3

o e ——— m—



102.04
103.01
103.02
103.03
104.01
104.02
104.03

Pip/Py  Tip°K)

1.53 388.6
1.53 3744
1.53 393.9
1.53 4217
1.53 405.6
1.52 3978
805.0
808.3
§02.2
821.7
81l.1
803.9
801.7
807.8
810.0
806.7
812.2
827.8
808.9
813.3

hbbubhbhbbhhihbuig
W = O W W W— oW

TEST CONDITIONS
Vp (mps)  Pyy/P,
298.7 1.79
292.7 1.30
300.3 3.20
311.2 4.01
304.8 2,51
200.5 1.79
429.8 3.22
421.6 2,51
424.6 1.78
436.8 1.29
430.4 3.18
431.6 249
425.2 1.80
432.8 1.31
431.3 4.07
429.5 2.51
425.2 1.77
4322 3.16
425.2 1.78
4349 1.31

th (oK)

907.8
887.8
903.9
1076.1
1102.8
1058.3
710.6
704.4
697.2
704.4
897.2
902.2
898.9
901.7
1067.2
1104.4
1091.7
381.1
378.3
373.9

Vi (mps)

532.2
360.0
723.3
853.7
722.4
574.5
641.0
575.2
463.0
3173
719.3
650.1
530.7
366.4
854.0
723.0
571.9
463.3
339.9
235.0

0.75 Area Ratio Unsuppressed Coannular Nozzle With Hardwall Ejector

200.03
200,07
200.09
201.01
201.02
201.03
201.04

805.2
794.1
803.7
804.3
801.7
803.7
804.6

tnththhiaa
WO WD

428.2
426.7
430.7
4279
425.5
429.2
431.0

3.18
1.81
1.29
4.07
3.19
2.49
1.80

706.6
694.7
694.1
1101.]
1091.7
1090.0
1083.9

636.]
467.0
314.2
867.8
796.7
716.6
582.8

0.75 Area Ratio Unsuppressed Coannular Nozzle With Treated Ejector

202.01
202.02
202.03
203.01
203,02
203.03
203.04

806.7
801.9
809.2
810.4
803.3
797.4
801.2

e e e —
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428.5
418.5
428.5
425.5
429.2
426.4
428.9

0.75 Area Ratio _Finger Suppressor

405.01
405.02

I€1

1.53 3973
1.53  399.1

301.7
302.7

3.22
1.79
1.30
4.07
3.18
2.49
1.8%

3.18
2.49

708.7
703.9
705.3
1105.0
1100.6
1086.7
1080.6

712.9
702.8

640.1
466.6
3200
869.6
798.6
715.1
584.9

639.5
572.1

OAPWL
6=60° 75°

1523 83.9 85.1
144.4 76.2 71.0
163.2 95.6 98.8
168.8 96.9 100.6
160.3 90.4 92.8
153.9 83.6 85.7
164.1 94.8 97.2
160.0 89.1 91.3
155.6 83.2 84.8
154.2 80.6 82.5
165.4 95.2 97.5
lol.4 89.7 95.1
156.2 83.5 87.7
1534 80,4 84.2
171.3 96.6 102.7
162.0 90.7 95.7
156.6 843 88.7
161.0 89.6 93.6
154.4 80.0 8406
153.4 79.0 83.1

166.2 97.9 99.5
159.4 90.3 939
155.8 82.1 84.3
172.4 102.5 105.0
168.6 97.2 101.4
165.5 93.6 97.3
162.0 £9.2 91.7

166.2 98.1 100.9
161.3 88.0 90.4
1§5.2 81.6 83.1
172.0 103.0 105.3
168.6 97.1 100.7
164.8 92.9 95.6
160.2 88.3 90.4

163.2 97.0 99.5
159.1 90.1 93.5

90°

87.4
78.5
98.8
102.3
95.0
88.4
98.3
93.0
86.5
834
98.8
94.8
88.6
84.2
103.2
95.8
89.6
92.9
84,7
83.5

100.8
91.1
85.6

105.0

101.9
9%.6
93.0

100.5
90.0
84.9

105.2

101.3
97.7

92.5

100.6
96.4

ACQUSTIC DATA

PNL at 648.6 m S. L.
105° 120° 130°

90.1 923 884
80.7 81.8 805
101.2 1022 101.1
105.0 107.5 108.3
98.3 100.2 96.7
91.5 938 908
99.8 100.1 99.7
950 958 953
88.6 895 91.2
859 865 904
100.9 101.7 102.0
969 983 969
90.7 92.0 905
86.0 868 878
105.3 108.1 109.8
98.1 99.5 978
91.8 933 91.0
940 952 959
8§59 870 835
853 867 88.0

103.0 1028 102.7
947 944 945
88.1 89.2 89.7

107.4 109.0 1104

1049 1056 106.1

102.2 1028 102.2
963 97.0 96.0

101.9 102.0 1024
923 925 933
87.1 883 89.2

107.2 283 110.7

104.1 105.3 106.3

100.7 101.7 101.7
949 954 95.0

99.4 100.7 99.6
96.7 968 95.6

140°

83.7
75.4
98.9
106.4
93.4
84.3
98.7
93.4
87.7
86.8
100.2
94.9
89.1
86.8
108.7
95.6
89.1
95.5
88.1
87.3

101.3
95.3
88.8

109.1

104.8

100.3
94,9

101.4
93.2
88.2

109.2

105.1

100.1
93.4

98.2
93.7

150°

78.0
70.1
94.5
101.7
88.8
79.4
96.2
91.0
85.5
84.8
97.4
92.3
86.4
84,3
104.5
92.5
86.3
93.0
85.8
85.2

98.8
96.0
86.9
105.7
101.5
974
94.0

99.0
93.2
86.0
105.8
101.7
97.0
91.5

94.3
88.8

165°

64.8
56.4

71.0
63.5
80.2
74.6
7.4
69.5
80.8
77.3
69.1
06.3
83.1
77.2
70.7
79.1
715
72.1

86.5
87.0
74.6
921.8
87.6
84.8
834

87.2
83.5
73.9
91.3
§7.6
84.3
79.0

78.6
713



cel

Run #

405.03
405.04
406.01
406.02
406.03
407.01
408.01
408.02
409.01
409.02
409.03
409.04

Pp/Py

1.52
1.53
1.53
1.53
1.54
1.52
1.53
1.55
1.53
1.54
1.55
1.53

Tip CK) Vp (mps)

395.7
387.6
436.4
421.7
411.5
799.2
8144
810.9
815.6
804.9
815.0
794.8

TEST CONDITIONS

3004
298.8
3173
312.7
309.7
428.2
434.9
440.7
434.3
434.6
438.6
429.8

Pyi/Py

1.80
1.30
4.11
2.52
1.80
4.09
2.51
1.81
3.18
252
1.82
1.30

Tir CK)

698.9
702.0
1080.0
1088.3
1091.7
1100.0
1082.8
1082.8
701.3
700.2
7084
701.1

0.75 Area Ratio Finger Suppressor With Hardwall Ejector

410.0t
410.02
411.01
412.01
412.02
412,03
412.04

—— b — -
Lirhruhinthn
Hh bW

83L.1
818.9
813.3
812.2
803.9
804.2
811.1

4334
4404
433.7
435.3
434.0
434.9
435.6

4.13
2.50
1.80
3.20
2.52
1.79
1.28

1100.6
1097.8
1087.8
697.1
702.0
693.2
691.7

0.75 Area Ratio  Finger Suppressor With Treated Ejector

413.01
413.02
413.03
413.04
414.01
414.02
414.03
415.01
415.02
415.03
416.01
416.02
416.03
416.04

1.53
1.53
1.53
1.53
1.52
1.52
1.53
1.54
1.53
1.53
1.54
1.54
1.53
1.54

811.1
808.8
812.2
8111
812.2
815.0
813.9
4453
420.4
404.4
402.9
397.1
388.1
371.8

434.0
433.1
434.0
433.4
4312.9
4313
434.6
323.1
3112
305.4
305.7
3034
299.6
294.1

3.20
2.49
1.81
1.30
4.08
2.49
1.80
4.12
2.51
1.81
3.21
2.51
1.80
1.31

698.6
7024
703.2
7014
11117
1088.9
1083.3
1098.3
1082.8
1083.9
709.9
700.1
702.0
693.4

Vg (mps)

467.9
319.1
861.7
719.3
585.8
869.0
715.7
584.6
633.4
574.2
475.2
320.0

90L.6
719.9
585.2
633.7
574.9
463.6
3103

634.0
5724
470.0
3185
872.6
715.4
584.0
869.9
716.0
585.8
640.1
573.0
468.5
319.7

OAPWL

152.7
145.8
169.5
161.8
156.4
171.3
163.7
160.4
164.7
162.1
159.3
155.1

170.2
162.7
159.6
164.2
161.4
159.5
157.0

163.9
161.0
159.3
157.0
170.2
161.8
159.5
168.6
159.0
153.9
161.1
156.8
1515
150.7

0 =60°

824
76.0
99.3
91.8
86.1
98.8
92.5
87.5
97.3
91.2
85.1
81.6

98.8
93.3
90.3
95.1
92.8
87.9
83.9

94.9
92.1
86.7
82.1
99.0
92.6
89.7
98.4
924
89.4

944"

90.9
84.2
78.4

86.3
79.6
102.9
95.3
90.2
102.0
94.8
90.8
98.5
93.4
88.3
84.2

101.3
96.3
93.3
97.5
96.0
89.8
87.1

98.1
94.8
88.2
85.6
101.8
95.1
91.8
101.2
94.9
92.1
98.2
94.2
87.1
82.7

90°

90.2
82.8
105.1
99.3
94.2
102.9
97.3
93.3
98.5
95.0
90.4
85.7

103.5
98.8
94.5

100.9
97.3
92.1
86.5

99.6
95.8
91.3
86.3

104.0
97.2
93.0

103.7
973
93.6
99.9
95.7
89.0
833

ACOUSTIC DATA

PNLat648.6 mS. L.

105°

90.4
824
105.4
99.9
94.9
105.6
100.6
96.2
99.8
911
93.0
88.3

105.2
100.0
96.2
1004
97.6
92.9
87.9

98.8
95.3
90.4
86.8
104.7
97.3
93.0
104.6
97.5
93.1
99.2
95.0
89.2
82.9

120°

91.1
82.3
106.5
100.3
95.0
107.9
100.8
96.4
100.7
98.2
94.2
89.6

107.1
99.2
95.2

100.4
97.5
92.8
83.4

98.9
94.9
90.4
87.3
106.3
97.0
91.8
105.6
96.1
91.0
96.7
924
86.2
80.3

130°

89.0
80.3
1074
98.8
93.4
108.1
99.5
95.4
100.2
97.4
94.0
89.8

107.7
97.5
92.9
99.3
96.0
924
88.8

99.1
95.2
91.6
89.0
107.8
97.0
95.4
106.7
95.2
88.4
97.2
92.4
85.4
79.3

140°

87.5
78.8
106.4
96.6
91.1
108.7
98.7
95.0
99.7
97.0
94.0
844

106.5
96.2
91.8
98.4
94.9
93.1
89.1

98.3
94.4
92.5
88.8
106.7
95.8
9l.4
105.3
93.0
85.8
95,7
90.6
83.9
78.2

150°

82.8
74.6
103.4
91.8
85.6
105.7
96.0
92.3
974
94.2
91.6
87.6

1034
93.9
90.4
95.6
924
90.4
86.6

96.5
93.3
90.8
87.6
103.7
93.6
90.9
101.5
89.1
81.5
91.9
864
79.6
75.7

165°

64.4
58.3
88.0
734
66.3
90.8
83.1
79.2
85.2
319
79.1
75.0

90.1
82.1
79.6
84.8
82.2
81.5
781

84.7
82.8
80.9
75.6
89.6
81.6
79.2
85.9
73.3
66.4
77.4
71.9
65.9
62.6
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Run #

417.01
417.02
418.04
418.02
418.03
418.04
420.01
420.02
420.03
423.01
428.02
428.03
429.01
431.01

433.01
433.02
433.03
433.04
434.01
434.02
434.03
435.01
436.0}
436.02
436.03
437.01
437.2

4317.3

Pyp/Pa

1.2 Area Ratio Unsuppressed Coannular Nozzle
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Tip CK) Vp (mps)

807.4
808.2
810.9
809.2
813.3
807.1
448.9
420.0
397.8
398.9
396.7
389.4
843.9
414.7

8l4.4
806.1
81l
811.1
825.0
803.9
806.7
394.4
394.4
441.7
420.6
388.9
390.6
396.7

TEST CONDITIONS

434.0
431.0
434.0
432.8
435.9
432.5
319.7
312.4
303.0
298.4
301.1
299.0
441.4
308.8

.2 Area Ratio Convoluted Suppressor

433.1
433.1
4349
433.1
437.1
4374
434.0
299.3
301.2
319.1
310.6
297.5
299.3
302.7

Pyg/Pa

2,49
1.81
3.19
2.50
1.81
1.30
3.45
2.50
1.81
2.46
1.80
1.30
4.06
3.18

3.18
2.52
1.80
1.31
4.05
2,52
1.79
3.16
4.05
2.49
1.79
1.30
1.79
2.49

th (OK)

1088.9
1082.2
7019
701.2
698.8
708.4
1094.4
1088.9
1085.0
704.4
702.2
702.2
1080.6
707.5

704.4
698.3
695.6
702.3
1099.4
1091.7
1091.1
703.9
1088.9
1093.3
1093.3
695.0
700.0
703.3

2 Area Ratio Convoluted Suppressor With Hardwall Ejector

442.01
442.02
442.03
442.04
443.01
443.02
443.03
444.01
444,02

,..._._._..._.-._.._.
LLuLuuuun
WWWAREAERA®

3834
386.0
392.1
396.8
403.1
409.6
439.4
807.8
807.1

296.4
299.5
299.5
304.3
306.3
308.5
317.9
432.2
431.3

1.31
1.80
2.49
3.18
1.8]
2.49
4,06
4.07
2.51

698.2
702.8
705.1
700.8
1088.3
1095.6
1094.4
1092.2
1086.7

Vi (mps)

716.4
587.3
634.9
573.0
470.6
323.4
820.8
716.9
586.1
570.3
468.8
318.8
858.9
637.0

635.2
573.0
466.0
3234
865.9
721.2
582.2
634.0
864.3
716.9
583.1
316.1
466.3
§724

322.2

468.2
572.7
634.0
587.3
717.2
864.4
864.4
7118

OAPWL

167.9
162.0
169.6
165.3
159.9
1559
172.0
166.6
159.6
163.1
155.9
147.6
174.6
169.4

166.8
162.9
157.9
153.5
174.1
165.9
160.8
165.1
1720
164.9
159.5
146.0
155.0
161.4

144.3
152.7
160.3
164.0
152.3
162.9
171.5
173.5
164.5

6 = 60°

93.3
88.7
101.7
94.4
85.8
80.7
102.2
93.1
87.6
95.6
85.9
78.1
106.0
103.4

100.7
96.1
89.5
99.2

100.8
95.7
88.8
78.1
85.2
95.2

71.6
84.8
95.1
99.3
88.5
94.8
100.8
100.8
94.7

75°

97.9
92.9
104.3
91.7
89.8
84.2
105.3
97.9
91.7
94.9
86.7
78.7
104.8
103.6

75.7

93.7
97.4
872.7
94.1
99.9
99.9
94.1

90°

101.3
95.8
105.4
99.7
92.5
87.0
106.7
100.6
94.6
99.0
91.0
82.3
108.5
105.7

102.6
97.9
90.8
85.4

105.4
99.7
94.9

102.3

105.4
99.3
94.7
81.9
90.1
91.1

80.0
89.7
99.5
102.3
94,5
100.7
105.4
105.4
100.5

ACOQUSTIC DATA

PNL at 648.6 m S. L.

105°

103.0
97.5
104.7
99.9
94.1
88.3
107.9
103.0
96.9
99.8
92.8
83.3
110.1
106.3

100.2
96.1
90.8
84.5

105.0

100.0
95.4
99.9

105.0

102.3
97.5
83.4
92.5
98.6

81.8
92.1
100.2
102.9
97.7
103.3
107.4
107.4
103.5

120°

104.5
98.8
104.5
100.7
95.1
89.2
109.4
104.8
98.5
100.3
93.8
83.5
107.9
105.0

102.8
99.7
94.1
879

109.6

103.8
99.2

102.3

109.4

103.8
99.0
83.7
93.6
99.3

81.6
924
99.7
99.3
98.3
102.4
108.5
108.6
102.5

130°

104.3
98.2
105.3
101.0
95.5
90.5
109.5
104.4
97.0
101.1
93.6
83.0
110.2
105.5

103.7
99.9
94.5
88.0

1S

103.6
98.9

102.8

110.8

103.4
98.5
822
93.6
99.7

9.4
88.1
96.2
101.0
92.4
99.0
109.9
110.4
99.8

140°

104.8
96.9
106.1
101.1
94.8
90.0
109.1
102.9
94.8
99.7
90.3
80.3
112.1
106.5

101.4
97.2
92.1
86.7

1111

100.6
94.8

100.1

108.8
99.8
93.4
78.4
89.6
96.2

74.7
83.5
923
98.5

95.6
107.9
109.8

97.4

150°

100.5
95.5
90.1
84.6

108.6
99.1
92.3
91.5

106.3
96.1
88.9
74.0
85.5
92.6

71.8
79.5
88.5
95.7
83.1
92.0
105.4
108.2
95.8

165°

§7.9

70.5
61.6
94.6
92.3

§7.2
80.4
73.7
69.9
98.1
81.6
75.1
80.6
87.2
79.2
69.8
58.5
67.7
75.6

57.8
64.0
728
79.9
67.5
76.0
91.9
94.2
83.5



PEI

Run # Ptp/Pu

444,03 1.53
445.01 1.54
445.02 1.53
445.03 1,53
445.04 1.54

438.01
438.02
438.04
439.01
439.02
439.03
440.01
440.02
440,03
441.01
441.02
441.03
441.04

e e e e e e e
WMot hhng
DWNWLWWLWRDWRDHLRWLARW

TEST CONDITIONS

Tep (°K) Vp (mps) Pys/P,

8111 4343 1.79
816.7 437.1 1.30
817.2 4359 1.78
809.9  433.] 2.50
8104 4349 3.18

3728 2926 1.30
3817 2957 1.80
4117 3078 3.16
4206 3127 1.81
4344 3142 2.49
464.0  326.1 4.06
806.1 4304 4.08
810.0 4334 2.47
8056 431.0 1.80
808.9 4322 1.30
8122 4313 1.80
815.6  433.7 248
8144 4322 3.17

Tir CK)

1087.2
706.0
700.3
699.6
701.6

.2 Area Ratio Convoluted Suppressor With Treated Ejector

708.9
707.2
706.1
1087.2
1096.1
1099.4
1092.8
1086.1
1084.4
693.3
702.2
700.6
707.2

Vi (mps)

582.8
319.7
464.2
571.8
6343

321.0
470.6
634.9
588.0
717.2
866.2
865.0
7111
583.1
315.8
468.2
570.0
635.8

OAPWL

158.6
151.8
155.8
161.8
165.9

143.6
151.8
163.8
155.3
161.8
171.7
173.6
163.3
157.9
151.8
156.2
162.0
166.0

0 =60°

87.1
80.7
84.9
93.9
98.3

75.9
84.2
97.9
86.8
92.7
100.2
100.8
92.5
86.9
76.0
84.5
101.8
97.4

75°

88.4
80.7
85.3
93.9
91.9

75.9
84.6
97.1
87.2
93.3
100.3
100.7
93.3
87.2
79.3
84.7
91.9
96.6

90°

93.6
83.4
89.3
98.6
101.6

78.1
87.5
100.4
91.1
97.3
104.4
104.6
97.1
91.1
82.0
88.3
95.9
100.3

® Runs having extraneous facility produced discrete tone. This tone has been analytically removed from the data.

- Data not reliable.

ACOUSTIC DATA

PNL at 648.6 m S, L.

105° 120° 130°

96.1 915 92.7
844 86.0 858
908 929 903
98.6 99.9 97.1
101.6 102.5 102.1

79.7 799 787
89.5 90.3 88.1
101.8 1014 101.0
933 954 909
99.9 1009 98.9
106.7 108.8 1103
1069 108.9 110.9
99.4 1003 99.0
933 945 919
83.8 848 854
90.5 913 902
96.5 91.7 96.6
101.3 102.0 102.1

140°

90.2
84.6
88.3
94.8
100.1

74.4
83.5
98.3
86.9
95.7
108.2
110.1
96.9
90.1
84.7
88.8
94.6
100.3

150°

88.3
82.8
86.3
92.9
98.3

71.2
79.7
95.2
82.3
91.8
105.1
108.0
94.5
87.8
823
86.6
92.3
98.2

165°

75.8
70.7
72.8
81.1
87.1

57.6
65.2
80.3
69.7
79.2
93.8
96.0
85.3
78.2
72.9
76.9
824
89.5



LIST OF ABBREVIATIONS

NOMENCLATURE (The following symbols are used throughout the report unless otherwise defined in the text.)

A ~  Area

C —  Speed of Sound

¢p —  Flow Coefficient (Actual Weight Flow/Ideal Weight Flow)
Cy —  Thrust Coefficient (Actual Thrust/Ideal Thrust)

D —  Diameter

F —  Thrust

8¢ ~  Gravitational Constant

L —  Length

M —  Mach Number

OASPL —  Overall Sound Pressure Level - dB re 20 x 10°0 Newtons/M?
P —  Pressure

PNL —  Perceived Noise Level

PWL —  Power Level — dB re 1012 Watts

R —  Gas Constant

nLR — Radius

Ref. —  Reference

SL —  Sideline

SPL _  Sound Pressure Level - dB re 20x 1076 Newtons/M2
Synthesis —  Synthesized Noise Levels of Coannular Reference Nozzle (As Described in Text)
U —  Velocity Measured in Plume Traverse

v —  Jet Velocity (Ideally Expanded to Ambient Conditions)
X ~—  Distance

w —  Mass Flow

04 —  Specific Heat Ratio

A —  Delta (Difference) in Noise or Thrust Levels

0 —  Angle From Inlet Centerline

p —  Density

SUBSCRIPTS (The subscripts are used in either lower case or upper case form.)

a - Ambient

avg — Average

ejec —  Ejector

eq —  Equivalent

f - Fan

i - Ideal

in - Inlet Condition
m - Mixed

max - Maximum

o - Initial Conditions
p - Primary

Per —  Perimeter

ref —  Reference

s - Static

t —  Total

th —  Throat Condition
uns - Unsuppressed
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